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Abstract 

Asulam is an herbicide that is structurally analogous to sulfonamide antibiotics 

(sulfas), with the potential to contribute to the global antibiotic resistance crisis by 

cross-selecting for sulfa-resistant bacteria. To determine if asulam can select for 

antibiotic resistant bacteria, isothermal titration calorimetry (ITC) was used to 

assess the binding affinity of asulam with the target protein of sulfas, 

dihydropteroate synthase (DHPS). ITC confirmed asulam interacts with DHPS, and 

in vitro directed evolution experiments showed that prolonged asulam exposure 

can select for sulfa-insensitive DHPS in E. coli. Since mobile sul genes also encode 

for sulfa-insensitive DHPS, the potential effect of asulam on the dissemination of 

the sul genes in a simulated bacterial community was assessed. These data 

suggested that asulam can promote sulfa-resistance by increasing the frequency 

of chromosomal folP mutations, and/or acquisition of sul genes in E. coli, and 

uniquely induce deletions of multiple genes at concentrations exceeding 

environmental relevance.  
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Summary for the Lay Audience 

Antibiotic resistant bacteria cause infections that do not respond to standard 

treatments and require more costly and intensive interventions. These types of 

infections have become increasingly common and reducing the prevalence of 

antibiotic resistance has become a healthcare priority. An effective strategy has 

been the reduction of usage of antibiotics, as the misuse and overuse of these 

drugs is known to contribute to the increased prevalence of these infections. 

However, other chemicals can also increase the frequency of antibiotic resistance 

in bacterial communities, including agrichemicals such as pesticides and 

herbicides. When bacteria that reside in crop soil are exposed to these 

agrichemicals, they can become resistant to antibiotics and have the potential to 

spread to humans via consumptions of food grown in contaminated soil. Therefore, 

determining how agrichemicals contribute to promoting antibiotic resistance to 

implement appropriate regulations regarding the usage of these chemicals is 

paramount for reducing the burden of antibiotic resistant bacterial infections on the 

healthcare system. In this study, the herbicide asulam is assessed for its ability to 

select for and promote the dissemination of sulfonamide antibiotic resistant 

bacteria due to the chemical similarities shared between this herbicide and this 

class of antibiotics. 
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Chapter 1: Introduction 

1.1 The Antibiotic Resistance Crisis 

1.1.1 Origins and Trends of Antibiotic Resistance 

Antibiotic resistance is an ancient evolutionary strategy wherein bacteria become 

insensitive to chemical compounds released by other organisms in the shared 

environment that can inhibit or alter bacterial physiology12. While the phenomenon 

of antibiotic resistance predates the introduction of antibiotics to modern medicine, 

the antibiotic resistance crisis the world faces today represents a new era of 

bacterial evolution influenced by the anthropogenic use of antibiotics13,14. Antibiotic 

use is commonplace in current medical practices, from the treatment of acute 

infections to facilitating the revolution of surgical intervention through infection 

prevention; antibiotics have become an essential tool in modern medicine15. 

Unfortunately, the medical community quickly learned that these drugs came with 

a caveat, as the increase in the usage of these drugs has coincided with the 

increased prevalence of antibiotic resistant infections16,17. The rapid emergence of 

resistance following the introduction of each new antibiotic eventually made 

pursuing antibiotic discovery research a futile pursuit, diverting the path of medical 

research away from developing novel antibiotics18. Without incentive to develop 

new antibiotics, maintaining the efficacy of the arsenal of antibiotics used in 

medicine today has become a priority19–21 

 

1.1.2 Antibiotic Usage and Environmental Pollution 

Antibiotics are used as first-line therapeutics for treating infections caused by 

bacterial pathogens in humans, animals, and plants11,22–26. These drugs are used 

extensively in veterinary applications, agriculture, horticulture, aquaculture, and 

clinical medicine; with many classes of antibiotics having applications across 

multiple industries (e.g., sulfas) are used to treat bacterial infections in human 
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patients and are also administered to livestock and companion animals in 

veterinary medicine)27–33. The widespread use of antibiotics combined with their 

mass production and consumption has consequently resulted in the ubiquity of 

antibiotic residues as contaminants3,34,35.  

The quantity of antibiotics consumed globally is staggering, with over 73 billion 

doses of antibiotics were estimated to have been sold in retail and hospital settings 

worldwide in 201036. In Canada alone, the annual dispensing rate of antibiotic 

prescriptions by community pharmacies in 2019 was 627 prescriptions per 1000 

individuals37.  Many antibiotics remain pharmacologically active post-excretion and 

are distributed into the environment in their active form through the disposal of 

wastewater from communities consuming antibiotics13,33,38,39.  Wastewater from the 

industrial production needed to meet the global demand of antibiotics also releases 

these drugs into waterways, contaminating adjacent bodies of water such as rivers, 

lakes, harbors, and streams with high concentrations of antibiotics40–44. Water can 

also be contaminated through antibiotic use in aquaculture, which pollutes both 

freshwater and coastal ecosystems45–48.  Soil is another environmental 

compartment often contaminated by the anthropogenic use of antibiotics, with 

current practices in agriculture contributing significantly to the antibiotic pollution of 

soil environments39,49–51.  Antibiotic pollution in agricultural soils is typically the 

result of directly treating crops for bacterial diseases, and/or from the amendment 

of animal manure sourced from antibiotic-treated livestock into crop soil as 

fertilizer24,39,49–52.  Animal manure is often contaminated with antibiotics from 

routine use of these drugs in infection prevention and treatment of food-producing 

animals, and from the use of antibiotics as growth-promoters in animals destined 

for meat production29,30,47. Since antibiotic contamination is so common in 

agriculture, produce grown in contaminated crop soils and meat from food-

producing animals can also be laden with antibiotic residues, with potential impacts 

on human health if consumed10,39,53,54. 
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1.1.3 Relevance of One Health to the Antibiotic Resistance Crisis 

Environmental antibiotic pollution often coincides with an increase in antibiotic 

resistance genes within environmental microbial communities7,38,43,55–57. 

Foodborne pathogens are often found in soil environments, and antibiotic resistant 

foodborne pathogens can be introduced to humans through contaminated 

food10,11,58. Outbreaks caused by antibiotic resistant bacterial pathogens require 

more intensive treatment, increasing the cost to treat these infections2,35,59–61. In 

Canada, 1 in 16 patients admitted to a hospital will develop a nosocomial infection 

from a multidrug-resistant organism, which has economic consequences37. In 

2018, the Canadian healthcare system spent $1.4 billion CAD on costs associated 

with the treatment of antibiotic resistant infections62,63. Therefore, preventing 

exacerbating the antibiotic resistance crisis is critical in sustaining our healthcare 

system, and all industries that use antibiotics must take responsibility in managing 

the crisis to effectively address it. The One Health approach frames antibiotic 

resistance within the context of global human, animal, and environmental health, 

and strives to emphasize how communication and collaboration across multiple 

sectors can effectively reduce the prevalence of resistant infections19,62,64,65.  

 

 To implement the One Health approach, the Canadian government has 

emphasized the shared responsibility of the Public Health Agency of Canada, 

Health Canada, the Canadian Food Inspection Agency, the Canadian Institutes of 

Health Research, and Agriculture & Agri-Food Canada as a multisectoral and 

collaborative task force to address the antibiotic resistance crisis62. These 

government agencies monitor, and research antibiotic resistance across all 

relevant sectors to develop policies and education programs that effectively reduce 

the abundance of antibiotic resistant bacteria to ultimately maintain the efficacy and 

utility of antibiotics for the stakeholders that rely on them62. 

1.1.4 The Role of Agriculture in The Antibiotic Resistance Crisis. 

Plant and animal agriculture heavily rely on antibiotics for reliable food 

production28,47,66,67. In fact, animal agriculture is the largest consumer of antibiotics 
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in Canada, with 82% of antibiotics sold in Canada in 2014 being distributed for use 

in animal agriculture37,68. Antibiotics are used to treat bacterial infections and 

promote growth in animals raised for food, and there is significant overlap between 

antibiotic classes used for human and veterinary medicine (e.g., aminoglycosides, 

trimethoprim, sulfas, tetracyclines, macrolides, -lactams, and 

fluoroquinolones)29,47,69. While antibiotic use in horticultural agriculture is 

significantly less extensive compared to animal agriculture, there are still 

applications for antibiotics in combatting plant disease70,71. Bacterial plant 

pathogens such Erwinia amylovora and Xanthomonas arboricola can infect 

important food crops like orchard fruits71–73. To prevent crop losses, antibiotic 

intervention with antibiotics (e.g., the aminoglycoside, streptomycin, or the 

tetracycline antibiotic, oxytetracycline) is required, but the efficacy of these 

treatments is waning due to increased rates of resistance7,24,70,72–74.   

While agricultural activities are known to pollute the environment with antibiotics 

that promote the emergence of resistance, commonly used agrichemicals such as 

herbicides and pesticides  have also demonstrated the potential to select for 

antibiotic resistant bacteria4,5,7,8,75 Since antibiotics, pesticides, and herbicides 

often co-occur as contaminants in agricultural run-off, the environmental 

compartments contaminated with these agrichemicals can become enriched for 

antibiotic resistance genes (ARGs)7–9,66,75. Recent research has shown that 

agrichemicals that are routinely applied in crops like glyphosate, dicamba, and 

glufosinate, can increase the abundance of ARGs in soil, and influence the 

susceptibility of some human pathogens to antibiotic killing4,5. 

1.1.5. Antibiotics and Antibiotic Resistance 

Antibiotics can act against bacteria through bactericidal action, wherein the 

bacterial cell is killed, or by bacteriostatic action, which inhibits the growth and 

proliferation of bacteria76. To circumvent the action of antibiotics, bacteria can 

employ a myriad of mechanisms that can be classified as either intrinsic or 

acquired resistance mechanisms77–81. Intrinsically resistant bacteria demonstrate 
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an innate capacity to resist certain types of antibiotic action. Some bacteria, 

including Pseudomonas spp, Mycobacterium spp, and Salmonella spp., possess 

multidrug efflux pumps that provide intrinsic resistance by exporting many types of 

chemicals, including antibiotics, out of the cell82–84. In contrast, acquired resistance 

refers to when a susceptible bacterial population becomes resistant to a given 

antibiotic either through de novo chromosomal mutations, or the acquisition of a 

mobile genetic element (e.g., transposons, plasmids)22,23,85,86 

1.2 Sulfas and Associated Compounds 

1.2.1 Sulfas: Development and Applications 

Sulfonamides antibiotics (sulfas) are bacterial antifolates that exert antibiotic 

activity by binding to the bacterial dihydropteroate synthase enzyme (DHPS), 

inhibiting the folate pathway by forming a dead-end metabolic product87,88. The de 

novo biosynthesis of folate is essential for bacterial growth; therefore, the inhibition 

of this pathway consequently prevents the proliferation of bacterial cells76,89,90. 

Sulfas are broad spectrum acting antibiotics that were first synthesized in 1932 by 

the German pharmacologist Gerhard Domagk, who was awarded a Nobel prize for 

his discovery of the antimicrobial action of the prototypical sulfa drug, 

sulfanilamide4,66. Dogmagk used his discovery to successfully treat his daughter’s 

infection, and the drug was commercialized and sold as “Prontosil” by 193915,91. 

During the 1940s, sulfas were praised by military physicians during World War II 

for reducing morbidity and mortality in their patients, who were routinely prescribed 

sulfas for diseases and conditions ranging from infection prophylaxis, to treating 

systemic infections such as pneumonia and meningitis91. However, the widespread 

use of sulfas was followed by the observation of a sulfa-resistant human pathogen 

(Staphylococcus aureus) by 194392. Sulfa-resistance and resistance to other 

prototypical antibiotics in bacterial human pathogens became more common over 

time, and the man who discovered sulfas, Gerhard Domagk, died of an antibiotic 

resistant infection himself in 196415. The prevalence of sulfa resistance combined 
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with the discovery of more powerful antibiotics such as penicillin and streptomycin 

resulted in the obsolescence of sulfas in clinical medicine91.  

Today, sulfas are administered in combination with trimethoprim, which targets 

dihydrofolate reductase (DHFR) as co-trimoxazole (SXT) to treat infections such 

as pneumonia, caused by the fungal pathogen Pneumocystis jirovecii, or urinary 

tract infections (UTIs) caused by bacterial pathogens such as Escherichia coli93,94. 

While overall sulfa use has declined over time, SXT is still considered an essential 

medicine by the World Health Organization, and the potential of using a drug that 

is already approved for use in humans to treat multidrug-resistant Staphylococcus 

aureus (MRSA) has renewed interest in this class of antibiotics93,95,96. Sulfas are 

used much more widely in other applications, notably in veterinary medicine, which 

is the largest consumer of sulfas, due to the heavy usage of these drugs in animals 

produced for food30,31,49,69. Sulfas are administered as veterinary drugs (e.g., 

sulfachloropyridazine, sulfadiazine, sulfamethazine, and sulfamethoxazole) and 

are often excreted in their active form, ultimately polluting environments adjacent 

to livestock farms and manure-amended crop soils31,49,51,52,97,98. 

1.2.2 Sulfa Mechanism of Action 

As mentioned above, sulfas inhibit bacterial growth by interfering with the de novo 

production of folate; a highly conserved and essential process in bacteria due to 

the inability of prokaryotes to acquire folate from the environment99,100. Folate, 

bioavailable in the form of folic acid, is an essential metabolite that cells utilize for 

several one-carbon transfer reactions, representing intermediate steps in synthesis 

of purine and pyrimidine nucleotides, and amino acid synthesis101,102. Encoded by 

the folP gene, DHPS catalyses the condensation of 6-hydroxymethyl-7, 8-

dihydropterin pyrophosphate (DHPP) with para-aminobenzoic acid (pABA) by 

DHPS, which ultimately leads to the formation of the vital co-enzyme, 

tetrahydrofolate (Figure 1)101,103.  
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Figure 1. The bacterial de novo folate biosynthesis and utilization pathway 
with all enzymes circled in yellow and the step of the pathway they are involved in 
indicated by a line. The antifolate antibiotics sulfamethoxazole (SMX) and 
trimethoprim (TMP) are represented by labelled pills connected to their 
corresponding enzymatic target by dotted lines. Folic acid derivatives are circled in 
green, and the conversion of 5,10-methylenetetrahydrofolate to dihydrofolate via 
thymidylate synthase catalyzing the conversion of deoxyuridine monophosphate 
(dUMP) to deoxythymidine monophosphate (dTMP). Downstream products of this 
pathway are indicated by purple outlines, with the final products used in purine 
nucleotide synthesis and one-carbon metabolism. 
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Ultimately, without folate, DNA replication cannot continue due to the lack of 

available purine nucleotides, leading to both single- and double-strand DNA 

breaks, and the cells die due to thymineless death (TLD)104–106  

1.2.3 Thymineless Death  

Thymineless death (TLD) is a phenomenon observed in bacterial, yeast, and 

mammalian cells characterized by a rapid loss in viability following thymine 

starvation103,107–109 Despite over 60 years of research into the subject, the exact 

mechanism of TLD remains elusive109. In bacteria, TLD was first observed in E. 

coli110 in 1954 in a thymine auxotrophic strain, and this phenomenon was later 

further characterized using E. coli thyA mutants that demonstrated the same 

thymidine auxotrophic phenotype109,110. These E. coli thyA mutants are unable to 

synthesize thymidine monophosphate (dTMP), a precursor molecule to DNA, and 

lose viability in media lacking thymine111,112.  Several models have been proposed 

to explain TLD, with the current hypothesis suggesting that that when cells are 

starved of thymine, DNA replication slows to a halt and chromosomal DNA loss 

occurs as DNA replication forks begin to break due to the lack of thymine available 

to form purine nucleotides and other components of cellular replication105,106,110,113. 

Additionally, laboratory observations during TLD in bacterial cells include 

unbalanced growth due to the continuation of RNA and protein synthesis in the 

absence of active DNA replication, release of chromosomal fragments thought to 

be the result of thymine-starvation induced DNA damage, alterations to the cell 

envelope and cytoplasm, increased intracellular reactive oxygen species (ROS), 

and the activation of genes associated with DNA damage and repair 

mechanisms114–116 

1.2.4 Sulfa-Resistance Mechanisms 

Since sulfas target the bacterial enzyme DHPS, many antibiotic bacterial isolates 

express a form of sulfa insensitive DHPS78,87,94,99,117. Intrinsically sulfa- resistant 

bacteria typically either exhibit a chromosomally expressed sulfa-insensitive DHPS 

enzyme with a low affinity for sulfas preventing their action; and/or efflux pumps 
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which export the antibiotic from the cell78,118. Acquired sulfa resistance can be 

conferred by de novo mutations in the chromosomal DHPS gene, folP in bacteria 

with single amino acid substitutions in the enzyme’s active site conferring 

resistance without compromising the production of folate119–121. Point mutations at 

Pro64 (P64) or Phe(F28) in E. coli DHPS enzymes are known to confer sulfa 

resistance, and have been identified in both lab and clinical isolates96. The DHPS 

enzyme has a classic TIM (α/ β)8 barrel protein structure with eight loops, two of 

which (loop 1 and loop 2, respectively) have been implicated in sulfa resistance99.  

Some amino acid substitutions can alter the structure of loop 1 or loop 2 of DHPS 

in a manner that permits pABA to maintain high binding affinity with the active site 

while abrogating the binding of sulfas119,122. In E. coli, chromosomally encoded 

bacterial efflux pumps can provide intrinsic resistance to different types of chemical 

stress, including antibiotics84,118. Efflux-mediated resistance mechanisms can be 

conferred by changes in regulatory genetic elements that activate or suppress 

efflux pump gene expression. For example, LeuO is a global gene regulator in E. 

coli that counteracts the H-NS global repressor protein, which facilitates efflux 

pump overexpression123. When overexpressed, sulfa-specific sensitivity 

determinants like multidrug efflux pumps, such as those encoded by the mdtNOP 

operon that facilitate sulfa resistance123 

Although chromosomal mutations that confer sulfa resistance are common, the 

most prevalent mechanism of acquired resistance is attributed to the gene transfer 

of mobile genetic sulfa resistance determinants (e.g., plasmid or integrons)86. The 

most reported group of mobile genetic elements that confer sulfa resistance are 

known as the sul genes86. There are currently four known sul genes, sul1, sul2, 

sul3, and sul4; which are hypothesized to be mobilized folP variants derived from 

ancestral Rhodobiaceae and Leptospiraceae spp.86,117. The sulfa-insenstive forms 

of DHPS encoded by the sul genes bind with pABA, and allow bacteria to produce 

de novo folate unimpeded by sulfas. The first two sul genes, sul1 and sul2, were 

discovered in 1975 and 1980 on plasmids taken from resistant clinical isolates, and 

sul3 was identified in 2003. The sul3 gene was discovered and revealed to be 

extremely common in the pig population of Switzerland, where sulfas were 
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routinely administered with a subsequent increase in resistant infections124. The 

most recent discovery was the sul4 gene from bacterial DNA extracted from Indian 

river sediment samples in 2017 and has since been detected across Asia and 

Europe. The sul genes are often found in resistant isolates sourced from 

environmental samples, as well as nosocomial resistant infections, demonstrating 

the potential link between the environmental resistome and clinically relevant 

pathogens86,125,126. 

1.2.5 Asulam 

Asulam (ASM) is a post-emergent herbicide currently applied to eliminate bracken, 

wild grasses, and other weeds in commercial agriculture and land management 

practices to control weeds and invasive species across the globe, with previous 

applications in Canada for controlling wild oats127,128. Sold commercially as Asulox 

and formulated as a water-soluble sodium salt, ASM is applied by aerial spray or 

directly sprayed onto the target area at a standard rate of 2400 g/hectare129. The 

chemical structure of ASM is analogous to sulfas and exerts its herbicidal action in 

a similar manner to how sulfas act against bacteria (Figure 2)130,131. The herbicidal 

mechanism of action of ASM targets the folic acid biosynthesis pathway in plants, 

which is unique to ASM, and is the only herbicide with this mechanism of action on 

the market130,132. Although  higher eukaryotic organisms (i.e. animals) can obtain 

folate from external sources, lower eukaryotes, such as plants and some fungi rely 

on de novo tetrahydrofolate biosynthesis to produce DNA and amino acids133.  

ASM exerts herbicidal activity by disrupting the binding of pABA to the 

HPPK/DHPS (6-Hydroxymethyl-7,8-dihydropterin 

pyrophosphokinase/dihydropteroate synthase)  a bifunctional enzyme in 

plants130,133. After application, ASM induces a slow senescence that kills the plant 

through folate depletion, but ASM is also hypothesized to also have inhibitory 

effects on protein and RNA synthesis that contribute to plant death128,130–132,134. 

After application, ASM degrades into several products, including the sulfa, 

sulfanilamide, and other compounds [(desamino asulam (DASM), acetyl asulam 

(AASM) formyl asulam, (FASM), asulam glucoside (ASMG), and malonyl asulam 
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(MASM)]129. As evidenced by the presence of ASM and sulfanilamide in honey 

adjacent to ASM-treated crops, these compounds are known to contaminate the 

environment, and readily mobilize in groundwater129,135.  When applied at the 

standard rate, the predicted environmental concentration (PEC) of ASM in surface 

water can range from 0.5-62 µg/L, and from 0.3-9 µg/kg in sediment129. Although 

ASM is not considered a high-risk herbicide with concern to its direct effects on 

either environmental or human health, nor are its degradation products, there is a 

knowledge/data gap regarding the long-term risk these compounds may have on 

soil microorganism communities and human health129. 

1.3 Rationale and Significance 

Given the structural similarity of ASM and its degradation products (AASM, DASM, 

MASM, and ASMG) with sulfas, these compounds may have the capacity to exert 

antibiotic activity via the same mechanism of action as sulfas and/or select for 

sulfa-resistant bacteria. Using E. coli BW25113 as a surrogate for Gram-negative 

bacteria, the antibiotic action and selection potential of ASM and its 

environmentally relevant degradation products can be determined. Since there is 

renewed interest in expanding the use of ASM, assessing if it can select for drug-

resistant bacteria will aid in developing policy frameworks to mitigate the spread of 

drug resistant pathogens, and thus preserve our current arsenal of antibiotics. 

1.4 Hypothesis and Research Aims 

Given the structural similarities between the herbicide ASM and its degradation 

products with sulfas, the hypothesis of this study is that ASM and its degradation 

products promote acquired sulfa resistance either via the selection of sulfa-

resistant E. coli isolates that harbor folP mutations, or by increasing the 

dissemination plasmids carrying the sul genes to E. coli 
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Three research aims were designed to test this hypothesis: I) Assess if ASM and/or 

its degradation products exert antimicrobial activity via DHPS enzyme inhibition. II) 

Evaluate if ASM and/or its degradation products select for sulfamethoxazole-

resistant E. coli in vitro III) Determine if ASM and/or its degradation products can 

promote the dissemination of plasmid-borne sul genes in a complex microbial 

community such as manure. 
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Chapter 2: Material and Methods 

2.1 Bacterial strains, plasmids, and growth conditions 

A list of the bacterial strains and plasmids used and/or constructed in this study are 

described in Table 1.  E. coli strains were cultured in Luria broth (L-broth), (BD 

Difco, USA) and Luria agar (L-agar) (VWR Scientific, USA) or Mueller Hinton II 

broth (MHII-broth), (Sigma-Aldrich, USA) and Mueller Hinton II-agar (MHII-agar, 

Sigma-Aldrich) with antibiotics, or 200 /ml thymidine (Sigma-Aldrich) and 40 mM 

folinic acid (Alfa Aesar, USA) as necessary. The E. coli strain CV601 was a kind 

gift from Dr. Kornelia Smalla, and the E. coli K12 strains harbouring plasmids 

p77PW, p54-1CH, 12 p10CH, p73-2CH, and p27CH were a kind gift from Dr. Magela 

Lavina (Table 1)86,136.  Unless otherwise stated, all cultures were grown at 37°C, 

and liquid cultures were incubated on a rotary shaker at 200 rpm. The plasmid 

pGDP2 was a kind gift from Dr. Gerry Wright137. In E. coli, pGDP2 and its 

derivatives were maintained or selected with 25 µg/ml of kanamycin. Plasmid 

pLysS was maintained with 50 µg/ml chloramphenicol. Plasmid pET28a and its 

derivatives were maintained or selected with 50 µg/ml kanamycin. All bacterial 

strains were maintained as frozen stocks (-80°C) in 7.5% dimethyl sulfoxide 

(DMSO). 
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Table 1 Bacterial strains and plasmids used in this study 

E. coli 
Strains 

Relevant Characteristics 
Source or 
Reference 

DH10β 

F– mcrA Δ(mrr-hsdRMS-mcrBC) 
φ80lacZΔM15 ΔlacX74 recA1 endA1 

araD139 Δ (ara-leu)7697 galU 
galK λ– rpsL(StrR) nupG 

New England 
Biolabs 

K12 p10CH 
E. coli K12 harboring plasmid p10CH 

containing resistance markers: Int1+::sul1 
Poey et al84 

K12 p27CH 
E. coli K12 harboring plasmid p27CH 

containing resistance markers: Int1+::sul2 
Poey et al84 

K12 p73-2CH 
E. coli K12 harboring plasmid p73-2CH 

containing resistance markers: Int1+::sul3 
Poey et al84 

BL21 
(DE3)/pLysS 

F– ompT hsdSB (rB–, mB–) gal dcm (DE3) Millipore 

BW25113 
E. coli K-12 BW25113  Δ(araD-araB)567 

ΔlacZ4787(::rrnB-3) rph-1 Δ(rhaD-rhaB)568 
hsdR514 

Dharmacon 

CV601 
Conjugation Experiment Recipient Strain 

(SMXS, RIFR, KANR, GFP+) 
Heuer et al134 

∆folP 
BW25113 carrying an unmarked, in-frame 

folP gene deletion 
Venkatesan et 

al136 

∆folP/ pGDP2 
::  folPEc 

BW25113 carrying an unmarked, in-frame 
folP gene deletion harboring the pGDP2 

plasmid expressing wild-type folPEc (KANR) 
This study 

∆folP pGDP2 
:: folPP64S 

BW25113 carrying an unmarked, in-frame 
folP gene deletion harboring the pGDP2 
plasmid expressing the folPP64S mutation 

This study 

∆folP pGDP2 
:: folPP64A 

BW25113 carrying an unmarked, in-frame 
folP gene deletion harboring the pGDP2 

plasmid expressing folPP64A mutation 
This study 

∆folP pGDP2 
:: folPF28L 

BW25113 carrying an unmarked, in-frame 
folP gene deletion harboring the pGDP2 

plasmid expressing EcfolPF28L 
This study 
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E. coli 
Strains 

Relevant Characteristics 
Source or 
Reference 

∆folP pGDP2 
:: folP∆E68 

BW25113 carrying an unmarked, in-frame 
folP gene deletion harboring the pGDP2 

plasmid expressing EcfolP∆E68 
This study 

∆folP pGDP2 
:: sul1 

BW25113 carrying an unmarked, in-frame 
folP gene deletion harboring the pGDP2 

plasmid expressing sul1 

Venkatesan et 
al136 

∆folP pGDP2 
:: sul2 

BW25113 carrying an unmarked, in-frame 
folP gene deletion harboring the pGDP2 

plasmid expressing sul2 

Venkatesan et 
al136 

∆folP pGDP2 
:: sul3 

BW25113 carrying an unmarked, in-frame 
folP gene deletion harboring the pGDP2 

plasmid expressing sul2 

Venkatesan et 
al136 

∆folP pGDP2 
:: sul4 

BW25113 carrying an unmarked, in-frame 
folP gene deletion harboring the pGDP2 

plasmid expressing sul4 

Venkatesan et 
al136 

ASM1007-1 ASM-selected, SMXR E. coli Keio BW25113 This study 

ASM1007-2 ASM-selected, SMXR E. coli Keio BW25113 This study 

ASM1007-3 ASM-selected, SMXR E. coli Keio BW25113 This study 

ASM1007-4 ASM-selected, SMXR E. coli Keio BW25113 This study 

ASM1007-5 ASM-selected, SMXR E. coli Keio BW25113 This study 

ASM10010-1 ASM-selected, SMXR E. coli Keio BW25113 This study 

ASM10010-2 ASM-selected, SMXR E. coli Keio BW25113 This study 

SMX1007-1 ASM-selected, SMXR E. coli Keio BW25113 This study 

SMX1007-2 SMX-selected, SMXR E. coli Keio BW25113 This study 

SMX1007-3 SMX-selected, SMXR E. coli Keio BW25113 This study 

SMX10010-1 SMX-selected, SMXR E. coli Keio BW25113 This study 

SMX10010-2 SMX-selected, SMXR E. coli Keio BW25113 This study 

SMX107-1 SMX-selected, SMXR E. coli Keio BW25113 This study 
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E. coli 
Strains 

Relevant Characteristics 
Source or 
Reference 

SMX107-2 SMX-selected, SMXR E. coli Keio BW25113 This study 

SMX1010-1 SMX-selected, SMXR E. coli Keio BW25113 This study 

SMX1010-2 SMX-selected, SMXR E. coli Keio BW25113 This study 

Plasmids 
  

pET28a 
Protein expression vector with a 6XHis tag, 

a thrombin digestion site and a T7 tag 
Novagen 

pET28a:: 
folPEc 

Protein expression vector with an N-
terminal 6xHis tag, a N-terminal thrombin 

digestion site 
This study 

pGDP2 E. coli gene expression vector (KANR) 
Cox et al, 
2017135 

pGDP2:: 
folPEc 

pGDP2 :: folPEc 
Rampton, M 

(Unpublished) 

pGDP2:: 
folPP64S 

pGDP2::folPP64S-FLAG Tag 
Rampton, M 

(Unpublished) 

pGDP2:: 
folPP64A 

pGDP2::folPP64A-FLAG Tag This study 

pGDP2:: 
folPF28L 

pGDP2::folPF28L-FLAG Tag 
Rampton M 

(Unpublished) 

pGDP2:: 
folP∆E68 

pGDP2::folP∆E68-FLAG Tag This study 

pGDP2 :: sul1 sul1 
Venkatesan et 

al136 

pGDP2 :: sul2 sul2 
Venkatesan et 

al136 

pGDP2 :: sul3 sul3 
Venkatesan et 

al136 
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E. coli 
Strains 

Relevant Characteristics 
Source or 
Reference 

pGDP2 :: sul4 sul4 
Venkatesan et 

al136 

SMXS, sulfamethoxazole susceptible; SMXR, sulfamethoxazole resistance; KANR, 
kanamycin resistance; CAMR, chloramphenicol resistance; GFP+, Green fluorescent protein, 

P64S, Pro64→Ser folP gene mutation; P64A, Pro64→Ala folP mutation; ∆E68, Glu68del folP 
mutation; F28L, Phe28→Leu folP mutation; FLAG-TAG for monitoring protein expression via 
immunoblotting 
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2.2 Antibiotics, ASM, and Degradation products 

All sulfonamide compounds used in this study were prepared as stock solutions 

dissolved in a compatible solvent at 50 mg/mL and stored frozen at -20°C. A list of 

sulfonamide compounds used in this study and the solvents used are outlined in 

Table 2. 
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Table 2. Common identifiers, structure, and relevant qualities of the 
sulfonamide compounds used in this study 

Compound Structure Solubility Purity Source 

Asulam (ASM) 

 

 

50 mg/mL 

in DMSOb 
>99% 

Toronto 

Research 

Chemicals 

Sulfamethoxazole 

(SMX) 

 

50 mg/mL 

in DMSO 

 

>99% 

Sigma-

Aldrich 

Sulfanilamide 

(SAN) 

 

50 mg/mL 

in 

Acetone 

>99% 
Sigma-

Aldrich 
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Compound Structure Solubility Purity Source 

Asulam 

Glucoside 

(ASMG) 

 

50 mg/mL 

in DMSO 
95% ChemSpace 

Malonyl Asulam 

(MASM) 

 

50 mg/mL 

in DMSO 
95% ChemSpace 
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Compound Structure Solubility Purity Source 

Acetyl Asulam 

(AASM) 

 

50 mg/mL 

in DMSO 
95% ChemSpace 

Desamino 

Asulam (DASM) 

 

50 mg/mL 

in DMSO 
95% ChemSpace 

Sulfadiazine 

(SDZ) 

 

50 mg/mL 

in 

Acetone 

 
Sigma-

Aldrich 

a, International Union of Pure and Applied Chemistry; b, dimethyl sulfoxide. Structures were 

generated using ChemSpace Structure Search tool available at chem-space.com 
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2.3 DNA Methods 

2.3.1 Agarose Gel Electrophoresis 

Agarose gel electrophoresis was to separate to separate DNA fragments. Agarose 

gels (0.8% w/v) were prepared using 1X TAE (40 mM tris(hydroxymethyl) 

aminomethane, 20 mM acetic acid (Sigma-Aldrich), 1 mM 

ethylenediaminetetraacetic acid (ETDA)) buffer to dissolve agarose (0.8% w/v) 

with RedSafe nucleic acid staining solution (0.05% v/v) added to visualize DNA 

fragments. DNA samples were prepared for gel electrophoresis by diluting 2 µL of 

DNA concentrated to a minimum of 10 ng/µL measured using a Nanodrop 

Spectrophotometer (Thermo Fisher Scientific) in 6 µL of nuclease-free sterile water 

with 2 µL of 6 X DNA loading dye (0.25% (w/v) bromophenol blue, 0.25% (w/v) 

xylene cyanol FF, and 15% (w/v) Ficoll 400 dissolved in deionized water), and all 

10 µL were loaded into a designated well of the gel. Once all samples were loaded, 

a 1Kb plus DNA ladder RTU (Froggabio, Canada) or 100bp DNA ladder RTU 

(Froggabio) depending on the size of the amplicon, was added to the first empty 

well of the gel, and electrophoresis was performed with a BioRad PowerPac set to 

120V for 20-30 minutes. Gels were visualized using either a BioRad Chemidoc 

XRS Gel Imaging System or Cambridge imaging system (UVITEC, UK) 

2.3.2 Colony PCR amplification of folP from E. coli 

To amplify the folP gene from E. coli colonies, oligonucleotides were designed 

using the PrimerQuest tool by Integrated DNA Technologies (IDT) (Coralville, 

USA), synthesized by IDT, and resuspended in nuclease-free water (NF-Water) for 

colony PCR. For each E. coli strain used, template DNA was collected by selecting 

a single bacterial colony from an agar plate and suspended it in 30 µL (NF-Water). 

The suspension was boiled for 5 minutes on a Life Tech Heating block (VWR 

Scientific), followed by centrifugation at 13 000 rpm for 3 minutes in a Sorvall 

Legend Micro 21R tabletop centrifuge (Thermofisher Scientific). The template DNA 

was then placed on ice until added to the reaction mixture. PCR mixes were 

prepared to a final concentration of 42% (v/v) NF-Water, 5% (v/v DMSO), 200 µM 
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of dNTPs, 0.5 µM of each forward and reverse primer, 0.02 U/µL of Phusion ® 

High-Fidelity DNA Polymerase (New England Biolabs, Canada). PCR was carried 

out using a C1000 Touch™ Thermal Cycler (BioRad, USA) with the following 

thermal cycles: 30 sec at 98 °C for initial denaturation of DNA, followed by 30 cycles 

of 30 sec at 98 °C, 30 sec at 60 °C, and 72 °C for 30 seconds; with the final 

elongation completed at 72 °C for 7 min. 

2.3.3 Purification and Sequencing of PCR Products 

All folP amplicon PCR products were column purified or gel purified using the 

Wizard SV Gel and PCR Clean-Up System kit (Promega Corp., Canada). DNA was 

quantified and DNA quality was checked using a Nanodrop Spectrophotometer 

(Thermo Fisher Scientific). Nucleotide sequencing of PCR products was carried 

out by the London Regional Genomics Centre (Robarts Research Institute) using 

folp_F and folP_R as forward and reverse primers respectively (Table 3). 
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Table 3. Oglionucleotide sequences of primers designed for this study and 
synthesized by IDT 

Oglionucleotide Sequence (5’ – 3’) 

folP_F CGACGCACCGCAGATTGATGACCTG 

folP_R CCAGTGCTGACTCCAGCATATAGCC 

sul1_F GCCCATGAGATCAGACGTATTG 

sul1_R GTTGGAAGCTGTCGATTGAAAC 

sul2_F GTGGTGTGGCCTATCTCAAT 

sul2_R GACGAGTTTGGCAGATGATTTC 

sul3_F GAACCGATGTGAAATCTCGTTTAG 

sul3_R CATCATGGGTGCGGAGATAA 

sul4_F GGCTGTGGACGTCGTTATTT 

sul4_R TAAGGCGATGTCGATGCTTTC 
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2.3.4 Chromosomal DNA extraction and whole genome sequencing of E. coli 

Whole genome sequencing was performed at the Microbial Genome Sequencing 

Center (MiGS) (Pittsburgh, USA). Sample libraries were prepared using the 

Illumina DNA Prep kit and IDT 10bp UDI indices, and sequenced on an Illumina 

NextSeq 2000, producing 2x151bp reads. Demultiplexing, quality control and 

adapter trimming was performed with bcl-convert.  

2.3.5 Whole Genome Sequence Analysis 

All sequencing data was processed by the MiGS computational pipeline. 

Sequencing reads were mapped to the reference genome (NCBI accession 

#CP009273) by bowtie2 version 2.4.5 mapping software and SNP calling was 

conducted using the breseq version 0.36.1 single nucleotide polymorphism (SNP) 

caller138. A minimum of 88% bp > Q30 was obtained for all isolates sequenced 

(Appendix 5). The reference-guided de novo genome assembly tool in Seqman 

NGen (DNAStar, USA) was used with the NCBI accession #CP009273as the 

reference genome, and the variant calling accuracy workflow  in Seqman NGen 

(DNASTAR, USA) was used to confirm the breseq detected SNPs.  

2.3.6 Preparation of CaCl2 Competent E. coli cells 

Standard protocols were used for the preparation of chemically competent (CaCl2) 

E. coli cells as described by Sambrook and Russell139. Briefly, E. coli ∆folP cells 

were made competent by inoculating a 50 mL culture of broth with 500µL of 

prepared overnight culture supplemented with 200 mM thymidine (Sigma-Aldrich) 

and 50 µM folinic acid (Alfa Aesar). This subculture was incubated at 37°C with 

shaking at 200 rpm until an optical density at 600 nm (OD600) of 0.40 was reached. 

Cells were placed on ice for 20 minutes, and subsequently pelleted by 

centrifugation for 15 min at 8000 rpm and 4°C. Cells were resuspended in chilled 

100 mM CaCl2 and put on ice for 20 min. In 40 µL aliquots, cells were dispensed 

into microfuge tubes and frozen at -80°C until ready for transformation. 

2.3.7 Plasmid Transformation: E. coli BL21(DE3) pLysS with pET28a 
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Gene synthesis and cloning of the folP gene in pET28a was conducted by Gene 

Universal, USA. Plasmid pET28a DNA was prepared for transformation using the 

GeneJet Plasmid Miniprep kit (ThermoFisher Scientific) according to the protocol 

outlined by the manufacturer, and the DNA concentration was determined using a 

Nanodrop Spectrophotometer (ThermoFisher Scientific). Plasmids were 

transformed into E. coli by mixing 1 µL of 50 ng/mL plasmid DNA with 50 µL of 

BL21(DE3) pLysS competent E. coli cells, and heating the mixture in a waterbath 

set to 47°C for 30 sec. After heat shock, cells were placed on ice for 2 min, then 

mixed with soft media (SOC) and incubated for 45 min at 37 °C with end-over-end 

rotation. After incubation, the mixture was then serially diluted 1 in 10, and 1 in 100. 

Both dilutions and an undiluted sample were plated onto transformant-selective 

media (L-Broth supplemented with 50 µg/mL kanamycin) and incubated overnight 

at 37°C. A single colony was selected and isolated to be cultured as a frozen stock. 

2.3.8 Plasmid Transformation of E. coli ∆folP with pDGP2 

The E. coli folP gene was synthesized and subcloned into pGDP2 by BioBasic, 

Canada. Plasmid DNA was prepared using the GeneJet Plasmid Miniprep kit 

(ThermoFisher Scientific) according to the protocol outlined by the manufacturer. 

The concentration of extracted plasmid DNA was determined using a Nanodrop 

Spectrophotometer (Thermofisher Scientific).  Plasmids were transformed into E. 

coli by mixing 2 µL of 50 ng/mL plasmid DNA with 40 µL of chemically competent 

E. coli ∆folP cells, and incubating the mixture on ice for 20 min. After incubating on 

ice, the mixture was heat-shocked by heating the mixture in a waterbath set to 

42°C for 1 min 30 sec. After heat shock, cells were placed on ice for 2 min, then 

mixed with 800 µL L-broth and incubated for 1 hour at 37 °C with end over end 

rotation. After incubation, the mixture was then serially diluted 1 in 10 to 10-2. 

Undiluted, 10-1, and 10-2 diluted samples were plated onto transformant-selective 

media (L-agar supplemented with 25 µg/mL) and incubated overnight at 37°C. A 

single colony was selected and isolated to be cultured as a frozen stock. 
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2.4 Antibiotic Susceptibility Testing 

2.4.1 Two-Fold Broth Microdilution Method 

The broth dilution method was used to determine the minimum inhibitory 

concentration (MIC) of antibiotics compatible with this method. These assays were 

performed based on previously described methods140. Briefly, the antibiotic to be 

tested was prepared by supplementing fresh, sterile MHII media with X2 the 

highest concentration of drug to be tested. The antibiotic-supplemented media was 

added to the first column of well of a Corning™ Costar™, U-bottom, 96-well plate 

in 100 µL aliquots. The remaining wells of the 96-well plate were filled with 50 µL 

fresh, sterile MHII broth, and 50 µL of antibiotic-supplemented media was pipetted 

from the first column of well, mixed into the second column of wells, then 

subsequently serially diluted in this 2-fold fashion until the final column of wells, 

and the remaining 50 µL was discarded. Each well was then inoculated using 50 

µL of prepared cells, which were grown as an overnight culture, then diluted using 

two 1 in 20 dilutions in MHII media prior to inoculation. Plates were incubated 

overnight in static conditions at 37 °C. After incubation, MICs were recorded as the 

lowest concentration of drug that completely inhibited growth. 

2.4.2 Two-Fold Adapted Agar Microdilution Method 

Due to the limited availability of some of the compounds used in this study, the 

minimum inhibitory concentration (MIC) determinations were achieved by adapting 

the previously described agar and broth dilution method140. This was achieved by 

using a Corning™ Costar™, U-bottom, 96-well plate format for agar dilutions in 

place of traditional square plates to minimize the amount of drug needed. The 

highest concentration of drug to be tested was added to 15 mL volume of sterilized, 

molten MHII agar cooled to 55 °C, and mixed by gentle inversion. Subsequently, 

300 µL of the molten agar containing drug was loaded into the first column of wells 

of a Corning™ Costar™, U-bottom, 96-well plate pre-heated to 60 °C. To prevent 

cooling and thus, solidification of the agar in the wells, the Corning™ Costar™, U-

bottom, 96-well plate was placed on an isotemp heating plate (ThermoFisher 
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Scientific) set to 80°C.  The remaining wells were loaded with 150 µL of drug-free 

molten MHII agar. Next, 150 µL of drug-containing agar was taken from the first 

well and transferred into the 2nd column. The diluted drug-agar was mixed by 

pipetting, and 150 µL was removed and this serial dilution was repeated until the 

last column, which had no drug added to serve as a growth control. Once the agar 

was solidified in the wells, the plate was then dried to remove moisture by air-drying 

plates in a biological safety cabinet (BSC) for 10-15 minutes. To prepare the 

bacterial inoculum, 3-5 freshly streaked E. coli colonies were resuspended in 5mL 

sterile 0.85% NaCl saline solution, and the turbidity of the suspension was adjusted 

to that of a 0.5 McFarland Standard using a Sensititre Nephelometer 

(ThermoFisher Scientific) calibrated to a McFarland 0.5 BaS04 standard. 

Standardized E. coli suspensions were diluted 1 in 10 with 0.9% (v/v) saline, in a 

Corning™ Costar™, U-bottom, 96-well plate. A flame-sterilized 48-pin replicator 

with 1.5 mm pins was used to deliver the final inoculum of 1 µl (~104 CFU/ml) onto 

the drug-agar plates. Inoculated plates were incubated at 37°C overnight. After 

incubation, MICs were recorded as the lowest concentration of drug that 

completely inhibited growth. 

2.4.3 E-Test Co-Trimoxazole MIC test 

To determine the co-trimoxazole MICs of E. coli, the E-test method was employed. 

Briefly, to prepare the inoculum, bacterial suspension standardized to a 0.5 

MacFarland standard. The trimethoprim-sulfamethoxazole (1:19) E-test strips 

(Liofilchem, Italy) were then aseptically transferred a onto MHII agar freshly 

streaked with the standardized bacterial inoculum. The MIC was determined by 

assessing where the elliptical zone of inhibition intersected with the MIC scale on 

the test strip. In the case that the intersection was between two values, the higher 

value was counted as the MIC. 
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2.5 Directed evolution Assays 

To assess the ability of ASM or ASMG to select for folP mutations, a 10-day 

directed evolution experiment was employed. Briefly, 100 μL of an overnight culture 

of E. coli Keio BW25113 grown at 37°C with shaking at 200 rpm was transferred 

into 10 mL of fresh MHII-broth containing either 0.01 μg/mL, 0.1 μg/mL, 1 μg/mL, 

10 μg/mL, or 100μg/mL of ASM, ASMG, or sulfanilamide. Sulfamethoxazole was 

used as the positive control as it is known to select for sulfa-resistance, and the 

vehicle controls for these experiments were DMSO as it was used as a solvent for 

ASM, ASMG, and SMX; acetone (ACE) was used as a solvent for sulfanilamide 

and was therefore included as a vehicle control to ensure these compounds did 

not select for SMX-resistance. Flasks containing the same concentrations of SMX 

were also prepared to establish the resistance frequency when E. coli Keio 

BW25113 is exposed to a sulfa antibiotic known to select for sulfa-resistance. A 

100 uL aliquot was taken daily from each flask to inoculate fresh media containing 

the corresponding concentration of drug for each group over a period of ten days. 

To monitor these cultures for emerging SMX-resistance, a 100 μL sample was 

taken on day one, seven, and ten, and screened for SMX-resistance. Each sample 

was serial diluted in MHII broth, and plated onto MHII agar containing no drug, as 

well as MHII agar containing 256μg/mL of SMX.  Following an 18-hour incubation 

at 37 °C, colonies were enumerated, and the CFU/mL was calculated using the 

following equation: 

 

𝐶𝑜𝑙𝑜𝑛𝑦 𝐹𝑜𝑟𝑚𝑖𝑛𝑔 𝑈𝑛𝑖𝑡𝑠 × 𝑑𝑖𝑙𝑢𝑡𝑖𝑜𝑛 𝑓𝑎𝑐𝑡𝑜𝑟 𝑝𝑙𝑎𝑡𝑒𝑑 

0.1 𝑚𝐿
 

 

The resistance frequency of each treatment per day was calculated using the 

following equation: 
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𝑇𝑜𝑡𝑎𝑙 𝐵𝑎𝑐𝑡𝑒𝑟𝑖𝑎 𝑜𝑛 𝑀𝐻𝐼𝐼 − 𝑎𝑔𝑎𝑟 (
𝐶𝐹𝑈
𝑚𝐿 )

𝑇𝑜𝑡𝑎𝑙 𝑏𝑎𝑐𝑡𝑒𝑟𝑖𝑎 𝑜𝑛 𝑀𝐻𝐼𝐼 − 𝑎𝑔𝑎𝑟 𝑠𝑢𝑝𝑝𝑙𝑒𝑚𝑒𝑛𝑡𝑒𝑑 𝑤𝑖𝑡ℎ 𝑆𝑀𝑋 (
𝐶𝐹𝑈
𝑚𝐿 )

 

From the directed evolution experiments, randomly selected SMX-resistant 

colonies were tested for significant and maintained resistance, with significant 

resistance defined as at least a 16-fold increase in MIC of SMX. This was achieved 

by selecting random colonies from the directed evolution experiments that grew on 

MHII agar supplemented with 256 µg/mL and patching them onto MHII agar 

containing 256 µg/mL and incubated for 48 hours to ensure any isolates that may 

have acquired a fitness loss at the cost of developing resistance could grow141. 

Isolates that maintained significant resistance were collected and cultured as 

frozen stocks for further characterization. 

 

2.5.1 Selection and Confirmation of SMXR Isolates 

When colonies grew on the SMX-supplemented agar during the directed evolution 

assays, random colonies were selected and screened for maintained SMX-

resistance by patching colonies onto MHII agar supplemented with 256 µg/mL, and 

significant resistance was tested by patching onto MHII agar supplemented with 

512 µg/mL. When patched colonies grew on both 256 and 512 µg/mL SMX 

supplemented MHII plates, colonies were isolated and assigned an identifier based 

on the experimental condition the isolate was collected from. Each identified isolate 

was cultured as a frozen stock. 

2.6 Conjugation Experiments 

Raw swine manure used in these experiments was collected from a swine farm in 

Southwestern Ontario, Canada, with soil metadata included in Appendix 2. 

Samples were taken directly from the hauling tanker into 5-gallon pails. The pail 

was stirred prior to removing 2 x 1-liter grab samples to be stored in in sterile 
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Polyethylene terephthalate (PET) jars. Swine manure was screened for the 

presence of the mobile sul genes by extracting the bacterial DNA fraction from 1 

mL of manure using the QIAamp PowerFecal Pro DNA kit (Qiagen, USA). Bacterial 

DNA was used to conduct PCR using sequence-specific primers for the sul1, sul2, 

sul3, and sul4 genes (Table 3). After screening for the sul genes, manure was 

aliquoted into 50 mL falcon tubes and mixed with 15% (v/v) glycerol to be stored 

at -80°C until experiments were performed. The protocol for the conjugation 

experiments was modified from Tran, T, et al142 as follows: Since the sul genes 

were detected in the swine manure samples (Appendix 2), The bacterial fraction of 

the swine manure samples was extracted and used as sul gene donor cells. To 

extract and prepare these donor cells, 1mL of manure was added to 9mL of MHII 

broth and incubated overnight under static condition at 30°C prior to mating. 

Particulate was removed by centrifugation at 300 × g for 5 min and the supernatant 

was collected. The bacterial fraction was extracted by a second centrifugation at 

8000 × g for 15 min. The pellet was washed twice with a 10-1 dilutionL-broth  The 

final donor cell extraction was resuspended in 200µL 0.85% NaCl saline. To 

prepare recipients, the sulfa-sensitive, GFP-labelled E. coli CV601 (GFPR, KANR, 

RIFR) was incubated at 37°C in L-broth supplemented with rifampicin and 

kanamycin (50 µg/mL) overnight on a rotary shaker set to 200 rpm. After 

incubation, 1 mL of culture was centrifuged at 3100 × g for 5 min. The pellet was 

collected and washed twice with 1 in 10 diluted L-broth, and finally resuspended in 

100µL saline. Matings were performed by mixing a 1:1 volume ratio of donor and 

recipient cells and plating 50 µL spots onto MHII agar supplemented with 100 

µg/mL cyclohexamide to inhibit fungal growth. Manure and CV601 samples were 

also plated onto the same media in 25µL aliquots. After co-incubation at 30 °C for 

12 hours in an incubating mini shaker (VWR Scientific) set to static conditions, 

mating spots were washed and resuspended in 2.5mL saline solution. Samples 

were then serially diluted and plated onto both MHII agar containing rifampicin and 

kanamycin (50 µg/mL) to select for all possible recipient cells. The MIC of SMX 

with E. coli CV601 was determined to be 32 µg/mL, so  MHII agar plates containing 

512 µg/mL SMX were used to select for sulfa-resistant transconjugants. To confirm 
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colonies that grew on this selective media were successful transconjugants 

harboring one of the known sul genes, colony PCR was performed using 

sequence-specific primers for the sul genes (Table 3) and the PCR products were 

separated using gel electrophoresis and visualized by imaging the DNA gel. 

 

2.6.1 PCR amplification of the sul genes from bacterial DNA extracted from 

manure 

To extract the DNA of the bacteria, present in the swine manure samples, 1 mL 

aliquots were transferred into 1.5 mL tubes and centrifuged at 16 000 × g. The 

supernatant was discarded, and the chromosomal DNA was isolated from the 

bacterial pellet using in a manner outlined by the manufacturer. The concentration 

of each DNA sample isolated was determined using a Nanodrop 

spectrophotometer. To detect if the known sul genes were present in these DNA 

samples, PCR amplification of the sul genes was performed using the extracted 

DNA as the template DNA, and forward and reverse primers designed with the 

PrimerQuest tool by IDT using sul gene sequences retrieved from the 

Comprehensive Antibiotic Resistance Database (CARD) (Table 3)122. PCR mixes 

were prepared to a final concentration of 42% (v/v) NF-Water, 5% (v/v, DMSO), 

200 µM of dNTPs, 0.5 µM of each forward and reverse primer, 0.02 U/µL of 

Phusion ® High-Fidelity DNA Polymerase (New England Biolabs). PCR was 

carried out using a C1000 Touch™ Thermal Cycler (BioRad) with the following 

program: 98°C for 30 sec for initial denaturation of DNA, followed by 30 cycles of 

30 sec at 98°C, 30 sec at 60°C, and 72°C for 15 seconds; with the final elongation 

completed at 72°C for 5 min. 

2.7 In vitro Growth Assay 

To assess if there is a fitness cost to acquired SMX resistance of the SR isolates, 

an in vitro growth assay was employed. A 3mL overnight culture was prepared for 

each strain/isolate tested, which were then standardized to an OD600 of 0.1 

measured with a Nanodrop Spectrophotometer. Each well of a Corning™ Costar™ 

U-bottom, 96-well clear round bottom plate was filled with 100µL of MHII media 
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and 100µL of the standardized inoculum was added. Wells were also filled with 

200 µL fresh, sterile MHII broth as a negative control. The plate was incubated for 

24 hours in a Thermo Scientific MULTISKAN GO set to heat at 37°C with 

continuous shaking, and the OD600 of each well was read every 20 minutes using 

SKANIT 6.0.1 Software (Thermofisher Scientific). Three independent experiments 

were performed each containing biological triplicates of each strain. 

2.8 Purification of the Polyhistidine-Tagged EcDHPS Protein 

To assess the binding kinetics of EcDHPS with SMX and ASM, EcDHPS protein 

was purified and prepared for isothermal titration calorimetry (ITC) based on 

previous drug-protein assays conducted with bacterial DHPS and sulfas87,99. The 

E. coli folP gene (folPEc) was synthesized and cloned with an in-frame N-terminal 

polyhistidine tag into the expression vector pET28a by Gene Universal (USA), 

yielding plasmid pET28a::folPEc. Plasmid pET28a::folPEc was then transformed 

into chemically competent E. coliBL21(DE3) harbouring pLysS plasmids, and 

transformants were plated on L-agar containing 50 µg/mL kanamycin for selection 

of pET28a, and 50 µg/mL chloramphenicol for selection of pLysS. A single colony 

of E. coli BL21(DE3) containing pET28a::folPEc was used to inoculate a 10 mL 

overnight culture of L-broth supplemented with 50 µg/mL of both kanamycin and 

chloramphenicol.  The next day, the entire 10 mL of overnight culture was used to 

inoculate 1 L of L-broth, and cells were grown at 37°C with shaking at 200 rpm until 

the OD600 read by a Nanodrop Spectrophotometer reached 0.6, at which point, 

expression of the his-tagged EcDHPS was induced by adding 1 mM IPTG.  

Induction was performed for 6 hours on a rotary shaker set to 200 rpm at 37 °C. 

Cells were then pelleted by centrifugation at 10 000 × g for 10 min in a Sorvall 

UltraCentrifuge (Thermofisher Scientific) at 4°C. The supernatant was discarded, 

and the cell pellets were stored at -20 °C until further purification. Cell pellets were 

thawed on ice and resuspended in 12 mL of lysis buffer (50 mM Tris pH 8, 0.5 M 

NaCl, Concentration Halt™ EDTA-free Protease Inhibitor Cocktail (Thermo 

Scientific)). Resuspensions were sonicated at 30% amp for 14 x 30 sec pulses 

(with 30 sec delay between pulses) on ice with a QSonica Q500 Sonicator 
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(Newtown, USA). The cell lysate was then centrifuged at 13 000 rpm for 60 min in 

a Sorvall Legend Micro 21R tabletop centrifuge (ThermoFisher Scientific) to 

remove cell debris, and the soluble cytoplasmic fraction containing the target 

protein was collected. EcDHPS was then purified by batch binding to Ni-NTA resin.  

The QIAGEN Ni-NTA resin was equilibrated by centrifuging 1 mL of resin mixed 

gently by inversion with 10 mL of elution buffer (50 mM Tris pH 8, 0.5 M NaCl). 

Once the Ni-NTA was equilibrated, the cell lysate was loaded onto the equilibrated 

Ni-NTA and incubated at room temperature with end over end rotation for 45 min 

to allow the his-tagged EcDHPS protein to bind to the resin. Once the protein was 

bound to the resin, the solution was centrifuged at 3000 × g in a (centrifuge) 

equipped with a swinging bucket rotor, and X2 1mL aliquots of the supernatant 

were collected. Next, the resin was washed three times by incubating the resin with 

5 mL of wash buffer (50 mM Tris pH 8, 0.5 M NaCl, 5 mM imidazole) (Avantor 

Performance Materials, USA) for 10 min with end-over-end rotation at room 

temperature, and the aliquot collection procedure was repeated for each wash. 

Three washes were completed, followed by protein elution performed by incubating 

the resin mixed with elution buffer (50 mM Tris pH 8, 0.5 M NaCl, 25 mM imidazole) 

for 15 min with end-over-end rotation at room temperature. Protein elutions were 

collected by centrifugation at 3000 × g equipped with a swinging bucket rotor, and 

×2 1 mL aliquots of the supernatant were collected. After the first elution, this 

procedure was repeated four more times, with 50 mM, 100 mM, 150 mM, and 250 

mM imidazole in the elution buffer. The collected lysate, wash, and protein aliquots 

were checked for purity and approximate quantity using sodium dodecyl-sulfate 

polyacrylamide gel electrophoresis (SDS-PAGE). Based on visual analysis of the 

SDS-PAGE gel, the protein samples collected from the 150- and 250-mM 

imidazole elutions were pooled and further purified and dialyzed with purification 

buffer (50 mM HEPES 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid) 

(Sigma-Aldrich), 5 mM MgCl2 (Sigma-Aldrich) pH 7.6) using a next generation 

chromatography (NGC) system (Biorad) equipped with a SEC650 size exclusion 

column to perform fast protein liquid chromatography (FPLC). FPLC purified 

fractions were collected and concentrated with a Vivaspin 6 concentrator (GE Life 
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Sciences,) according to the manufacturer’s instructions, and the final concentration 

of protein was determined using the Bradford BCA as outlined by the manufacturer 

(ThermoFisher Scientific). 

2.9 Isothermal Titration Calorimetry (ITC)  

2.9.1 Titrating SMX into EcDHPS 

To assess binding affinity of ASM with purified EcDHPS, isothermal titration 

calorimetry (ITC) experiments were performed using a NanoITC (TA Instruments, 

USA) at the Schulich Medicine & Dentistry Biomolecular Interactions & 

Conformations Facility (London, Ontario). The reference cell was equilibrated with 

ITC buffer (50mM HEPES pH 7.6 5mM MgCl2 2.5% DMSO, 10 mM Na4P2O7) and 

5 M of EcDHPS suspended in 500 L ITC buffer was loaded into the sample cell 

of the NanoITC. For the ligand, 50 µL of 100 µM SMX suspended in ITC buffer was 

drawn up into the titrant syringe, which was screwed into place on the NanoITC. 

Experiments were carried out over 25 injections of 2µL each in 300 sec intervals 

with the temperature set to 25 C. Raw data was processed using NanoAnalyze 

by TA Instruments using an independent one-site binding model. Baseline 

corrections were performed by running a mock experiment before every biological 

replicate experiment using only ITC buffer in both the titrant syringe and the sample 

cell to subtract the heat of dilution from the reaction for an accurate calculation of 

binding affinity.  

2.9.2 Titrating ASM into EcDHPS 

Titrations that were performed with 100 mM SMX were repeated with 200 M ASM 

under the same experimental conditions and the resulting data analysis as 

described above. 

2.10 Western immunoblotting 

To confirm expression of DHPS in the trans-complemented of the folP gene 

variants used as controls in this study, western immunoblotting was performed 
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using anti-FLAG antibodies. Overnight cultures of E. coli were prepared with 

appropriate antibiotics when necessary. The next day, 200 µL of this culture was 

used to inoculate a 10 mL subculture grown until the optical density at 600 nm of 

0.5 was reached. A 1.5 mL aliquot of this culture was then pelleted and 

resuspended in 200 µL phosphate buffered saline (PBS) and standardized to an 

OD of 0.5. After 180 µL of 2X redmix was added to the resuspended E. coli, the 

mixture was denatured by boiling for 5 minutes at 95°C and subsequently 

sonicated for 25 sec at 30% amplitude using a QSonica Q500 Sonicator (Newtown, 

USA). Samples were run on an SDS-PAGE gel at 120V for. The SDS-PAGE gel 

was transferred onto an activated polyvinylidene difluoride (PVDF) membrane 

(soaked in methanol for 1 minute), and the gel was stacked between this activated 

PVDF membrane and Whatman paper soaked in transfer buffer (25 mM tris, 192 

mM, glycine, pH 8.3, 0.1% SDS) and transferred using BioRad Trans-Blot® 

Turbo™ Transfer System. After transfer, the membrane was blocked with 10% milk 

powder in PBST (1 x PBS, 0.1% TWEEN-20) overnight at 4°C on a rotating shaker. 

Milk was washed off the membrane using PBST, with two 5 min washes. The 

primary antibody (ANTIFLAG® M2 antibody (1:1000 dilution)) was added by 

diluting in 10 mL PBST (0.1% BSA) and pouring the antibody solution over the 

membrane with gentle rocking for 1 hour, and the membrane was subsequently 

washed with PBST twice before adding the secondary antibody (polyclonal goat 

anti-mouse Anti-Mouse IgG (H&L (HRP) antibody (1:500 dilution)), prepared and 

poured onto the membrane in the same manner as the first antibody in 10 mL , 

followed by two washes with PBST and exposed to SuperSignal™ West Pico 

PLUS Chemiluminescent Substrates. A 7 s exposure was imaged using a DNA 

Bio-Imaging Labs MicroChemi 4.2 imaging system with GelCapture acquisition 

software (n=2) (Appendix 1). 
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Chapter 3: Results 

3.1 ASM Selects for Sulfamethoxazole-Resistant E. coli 

3.1.1 ASM exerts antibiotic action against E. coli 

The antibiotic action of sulfas is contingent upon the capacity of these drugs to 

mimic pABA, the natural substrate of bacterial DHPS. Therefore, the shared 

structural features of pABA, sulfas, ASM, and the degradation products of ASM 

infers that all these compounds could interact with bacterial DHPS, and potentially 

exert antibiotic action via the inhibition of this enzyme. To assess the potential of 

ASM and its degradation products (AASM, MASM, DASM, & ASMG) to exert 

antibiotic action against E. coli, the minimum inhibitory concentration (MIC) of each 

compound was determined (Table 4). To accommodate the limited quantity of 

these compounds, a modified 2-fold agar dilution assays were employed. Mueller-

Hinton II media was chosen as the growth medium for these assays to avoid the 

antagonistic effect of thymine against sulfas,   
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Table 4. ASM and its degradation products possess antibiotic activity 
against E. coli. Minimum inhibitory concentration (MIC) of E. coli strains 

lacking a DHPS enzyme (folP), harboring wild-type (WT) DHPS, or a sulfa-
insensitive form of DHPS encoded by the indicated sul gene 

a Abbreviations: DHPS, dyhydropterate synthase; WT, wild-type; SMX, sulfamethoxazole; 
SAN, sulfanilamide; ASM, asulam; ASMG, asulam glucoside; DASM, desamino asulam; 
AASM, acetyl asulam; MASM, malonyl asulam; NG, no growth. 
  

Strain DHPSa 
(MIC) (µg/mL) 

SMX SAN ASM ASMG DASM AASM MASM 

ΔfolP N/A NG NG NG NG NG NG NG 

ΔfolP/pGDP2 N/A NG NG NG NG NG NG NG 

BW25113 WT 16 2048 256 2048 2048 4096 4096 

ΔfolP/pGDP2::sul1 sul1 2048 - 2048 - 2048 4096 4096 

ΔfolP/pGDP2::sul2 sul2 2048 - 2048 - 2048 4096 4096 

ΔfolP/pGDP2::sul3 sul3 2048 - 2048 - 2048 4096 4096 

ΔfolP/pGDP2::sul4 sul4 2048 - 2048 - 2048 4096 4096 
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Amongst the strains tested, the two E. coli isolates lacking a DHPS enzyme (folP, 

folP/pGDP2), were known to be thymine auxotrophs143. As expected, the folP 

and folP/pGDP2 strains were unable to form colonies on MHII-agar, a thymine 

limited medium (Table 4). The parent strain, E. coli BW25113, had a SMX MIC of 

16 g/mL, whereas the MIC for ASM was 256 g/mL (Table 4). Conversely, ASM 

was more potent than sulfanilamide (SAN), which had an MIC 8-fold higher than 

ASM, and 128-fold higher than that of SMX with E. coli Keio BW25113 (Table 4). 

Therefore, ASM and its degradation product ASMG, which share structural 

similarity with the pABA and sulfa family of antibiotics, also exhibit antimicrobial 

activity, likely by targeting DHPS. 

3.1.2 ASM and ASMG target EcDHPS 

After establishing that ASM and its degradation products exhibit antibiotic activity, 

and that different forms of DHPS influence the susceptibility of E. coli to ASM and 

several ASM degradation products, the interaction between ASM and DHPS was 

investigated further. To elucidate if ASM mimics the interaction of sulfas with 

EcDHPS, the binding kinetics of EcDHPS with the clinically relevant sulfa gold 

standard, SMX, was first assessed using isothermal titration calorimetry (ITC). 

3.2 Both SMX and ASM act as a ligand for EcDHPS  

ITC experiments were used to evaluate if ASM interacts with EcDHPS. As a 

positive control the binding affinity of EcDHPS and SMX was determined. These 

experiments were executed using purified EcDHPS protein and SMX, both 

prepared with 10 mM pyrophosphate to mimic the presence of DHPP and facilitate 

binding87. The association constant (Ka) and dissociation constant (Kd) were 

determined to characterize the binding affinity of SMX and EcDHPS144 (Figure 2).  
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(A) 

 

Variable Value CI (95%) 

Kd (M) 1.265E-7 ±1.138E-7 

∆H -100 ±8.265 

Ka (M-1) 7.90E6 
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(B) 

 

Variable Value CI (95%) 

Kd (M) 1.89E-7 ± 3.074E-7 

∆H -100 ± 19.50 

Ka (M-1) 5.279E6 

Figure 2. Binding curves of each ITC experiment replicate performed with 

25 injections of 100 mM SMX titrated into 5 M EcDHPS for two replicates 
(A and B respectively) 
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Consistent with previous studies, inorganic pyrophosphate was required to 

generate the pABA/sulfa drug binding pocket, as SMX binding to DHPS was 

not observed in the absence of pyrophosphate. Binding affinity was also 

concentration dependent, as SMX binding with EcDHPS occurred 

spontaneously at 100 M, but ASM at an equivalent concentration did not 

bind with EcDHPS. Therefore, increasing concentrations of ASM were 

titrated into 5 mM EcDHPS until binding was observed at 200 M ASM 

(Figure 3). 
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(A) 

 

Variable Value CI (95%) 

Kd (M) 2.00E-5 ±1.248E-5 

∆H (kJ/mol) -100 ±36.41 

Ka(M-1) 4.999E4 
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(B) 

 

Variable Value CI (95%) 

Kd (M) 2.299E-5 ±1.560E-5 

∆H -100 ± 39.57 

Ka (M-1) 4.349E4 

Figure 3. Binding curves of each ITC experiment performed with 25 

injections of 200M ASM titrated into 5M EcDHPS for two replicates (A and 
B respectively) 
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These data suggest that ASM binds with EcDHPS in a similar manner to SMX, but 

the lower Ka of ASM and EcDHPS indicates this enzyme as compared to SMX. 

3.3 ASM, but not ASMG or SAN select for SMX resistant E. coli in vitro 

The ITC experiments confirmed that ASM interacts with EcDHPS, and ASM, 

ASMG, and SAN all demonstrated antibiotic activity contingent upon the DHPS 

status of E. coli. Together, these data suggest that ASM, ASMG, and SAN have 

potential to select for sulfa insensitive DHPS-variants in E. coli. To assess this, 

directed evolution experiments were executed by monitoring cultures of the sulfa-

sensitive E. coli BW25113 strain in the presence of a range of sub-MIC levels of 

ASM, ASMG, or SAN, for emerging resistance over a 10-day exposure period. The 

lowest concentrations of drug tested (0.01 and 0.1 g/mL) were selected to reflect 

the predicted range of concentration of ASM as a contaminant in surface water 

determined by the European Food Safety Authority, while the 1, 10, and 100 g/mL 

treatments provided a large window to determine the minimum selective 

concentration (MSC) of each compound tested129,145.  As a positive control, 

directed evolution experiments were carried out with SMX at the same 

concentrations, since they are within the range of concentrations of SMX known to 

select for sulfa resistance in experimental, clinical, and environmental 

settings125,126,146,147.  
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Table 5. Emergence of SMXR colonies in directed evolution 
experiments carried out at the indicated concentration. Compounds that 
yielded SMXR E. coli BW25113 on the indicated day of exposure and 
concentration are noted as positive for SMXR with (+), and compounds that 
did not are labelled as (-). ACE served as the vehicle control for SAN, and 
DMSO was used for all other compounds tested 

Treatment Concentration 
SMXa Resistance (+/-)b 

Day 1 Day 7 Day 10 

Control         

No Drug N/A - - - 

DMSO % (v/v) - - - 

ACE % (v/v) - - - 

Compound 

ASM 

0.01 µg/mL - - - 

0.1 µg/mL - - - 

1 µg/mL - - - 

10 µg/mL - - - 

100 µg/mL - + + 

SMX 

0.01 µg/mL - - - 

0.1 µg/mL - - - 

1 µg/mL - - - 

10 µg/mL - + + 

100 µg/mL - + + 

SAN 

0.01 µg/mL - - - 

0.1 µg/mL - - - 

1 µg/mL - - - 

10 µg/mL - - - 

100 µg/mL - - - 

ASMG 

0.01 µg/mL - - - 

0.1 µg/mL - - - 

1 µg/mL - - - 

10 µg/mL - - - 

100 µg/mL - - - 

aAbbreviations: SMX, sulfamethoxazole; DMSO, dimethyl sulfoxide; ASM, 
asulam; SAN, sulfanilamide; ASMG, asulam glucoside. 
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ASM did select for SMXR E. coli in vitro, but the environmentally relevant 

concentrations of ASM tested (0.01, 0.1 g/mL) did not select for SMXR E. coli, nor 

did the same concentrations of SMX (Table 5). As expected, E. coli exposed to 

100 or 10 g/mL SMX yielded SMXR and interestingly, SMXR colonies were also 

observed in ASM 100 g/mL exposed E. coli (Table 5). These observations were 

time dependent, with the first SMXR colonies detected on day 7 in the SMX 10, 

SMX 100, and ASM 100 g/mL treatments, and these same treatments yielded 

SMXR colonies on day 10 as well (Table 5).   

The resistance frequency of each treatment was determined by enumerating the 

SMXR bacteria (CFU/mL) in technical duplicates on media supplemented with 256 

g/mL SMX and dividing each value by the total number of bacteria present 

(CFU/mL), which was enumerated in technical duplicates from the same culture 

using a non-SMXR selective media (Figure 4). Resistance frequency calculations 

can thus be summarized by the following equation: 

SMX Resistance Frequency =
SMX Resistant Bacteria CFU per mL

Total Bacteria CFU per mL
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Figure 4. Average resistance frequency of all treatments that yielded 
SMXR E. coli in in vitro directed evolution experiments (N=2). Plotted by 
treatment applied (A) or by day of the experiment (B). Statistical significance 
as determined by an ordinary two-way ANOVA with Tukey’s multiple 
comparisons test with single pooled variance is indicated by asterisks (**** 
P <0.0001), and no significance is noted as ns.  
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When SMXR was first observed on day 7, there was no significant difference in the 

average resistance frequency amongst all treatments that yielded SMXR E. coli, 

but by day 10, both ASM and SMX 100 g/mL treatments had significantly higher 

resistance frequencies compared to SMX 10 g/mL (P <0.0001) (Figure 4). Both 

ASM and SMX 100 g/mL treatments also demonstrated a significant increase in 

resistance frequency between day 7 and day 10 of each respective treatment (P 

<0.0001), suggesting that the frequency of resistance increases in a time-

dependent manner at these concentrations (Figure 4). Taken together, these data 

indicate that environmentally relevant concentrations of ASM, ASMG, SAN, and 

SMX, do not select for sulfa-resistant E. coli, and that only SMX and ASM at 

concentrations exceeding the predicted environmental concentrations can select 

for SMXR E. coli in vitro129.  
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3.3.1 Identification and Characterization of ASM-selected folP mutations in 

E. coli 

Sulfa-resistance in clinical, experimental, and environmental bacterial isolates is 

often mediated by mutations in the chromosomally encoded folP gene, which 

encodes a structurally altered DHPS enzyme94,117,148. Therefore, a subset of SMXR 

isolates were randomly selected and screened for chromosomal folP mutations by 

PCR amplifying and sequencing the entire folP gene, including the upstream of this 

gene’s promoter region. The resulting sequences were analyzed for single 

nucleotide polymorphisms (SNPs), which were detected by aligning the sequenced 

folP genes of the SMXR isolates with the reference sequence for the parent strain, 

E coli BW25113. A total of 105 isolates were selected and screened for folP 

mutations, and 103 of them were found to have acquired mutations or deletions 

when compared to the wild type (Figure 5). 
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Figure 5. Pie charts of folP mutations observed on day 7 (A), and day 10 
(B) of the directed evolution experiments, as well as mutations observed in 

treatments SMX 10 g/mL (C), SMX 100 g/mL (D), and ASM 100 g/mL 
(E). 
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On day 7, four distinct folP mutations were observed: P64S, P64A, F28L, and 

E68, but on day 10, only P64S and F28L mutations were observed in folP (Figure 

5. Of note, all mutations observed across all treatments are located within either of 

loop 1 or 2 of the DHPS enzyme; regions that are both reported in the literature to 

confer SMXR when harboring mutations (Appendix 3)94,148. The most common 

mutations were at position P64, where mutations emerged at least once in every 

treatment group, as well as on both day 7 and 10 (Figure 5). The second most 

common folP mutation observed, F28L, was identified in 24 of the SMX 100µg/mL 

exposed isolates; 10 of which were from day 7, and the remaining 14 were from 

day 10. Another mutation uniquely observed in the SMX 100 µg/mL treatment 

group was ∆E68, occurring within loop 2 of the DHPS enzyme (Appendix 3). 

Intriguingly, no folP mutations were observed in two isolates recovered from the 

ASM 100 µg/mL treatment group on day 7, indicating that chromosomal mutations 

in genes aside from folP may be contributing to sulfa resistance in these isolates. 

Importantly, no mutations were found in the promoter region upstream of the folP 

open reading frame, which is consistent with there being no previous implication of 

differential folP expression in association with sulfa resistance.  

3.3.2 ASM-selected SMXR isolates are pan-sulfa resistance 

To assess if ASM and SMX select for pan-sulfa-resistant E. coli, a subset of SMX-

resistant colonies (14 isolates in total) were subjected to MIC determination using 

ASM, SMX, SAN, SDZ and the clinically important drug, co-trimoxazole (SXT). To 

confirm that the resistance observed is conferred by the folP mutations observed 

in these isolates, an E. coli folP deletion strain was trans complemented with WT 

or one of the four folP variants that emerged during the in vitro selection 

experiments (P64S, P64A, F28L and E68)143. The MICs of these constructs were 

determined with the same compounds as the ASM- and SMX-selected isolates and 

compared. 
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Table 6. Heat map of minimum inhibitory concentration (MIC) 

determinations for wild-type E. coli BW25113, folP/pGDP2::folP, and 
ASM- or SMX-selected E. coli. The form of DHPS enzyme present in each 
strain is indicated by WT or by the mutation present in the folP gene. All 
strains were tested with sulfamethoxazole (SMX), asulam (ASM), 
sulfanilamide (SAN), sulfadiazine (SDZ), and co-trimoxazole (SXT) with 
concentrations tested using the adapted agar dilution method ranging from 

2 to 4096 g/mL for SMX, ASM, SAN, and SDZ. Sensitivity to SXT was 
assessed with an E-test strip. 

E. coli Strain 
MIC (μg/mL) 

SMX ASM SAN SDZ SXT 

BW25113 16 256 2048 32 0.064 

∆folP pGDP2::folPEc 16 512 4096 32 0.094 

∆folP pGDP2::folPP64S 512 512 4096 64 0.094 

∆folP pGDP2::folPP64A 512 2048 4096 128 0.094 

∆folP pGDP2::folPF28L 512 1024 4096 128 0.190 

∆folP pGDP2::folP∆E68 1024 1024 4096 128 0.094 

ASM1007-1 1024 2048 4096 4096 0.125 

ASM1007-2 1024 2048 4096 512 0.125 

ASM1007-3 1024 1024 4096 1024 0.125 

ASM1007-4 1024 2048 4096 256 0.064 

ASM1007-5 1024 2048 4096 256 0.064 

ASM10010-1 1024 2048 4096 512 0.125 

ASM10010-2 1024 2048 4096 4096 0.190 

SMX1007-1 1024 1024 4096 128 0.064 

SMX1007-2 1024 1024 2048 128 0.094 

SMX1007-3 1024 1024 2048 128 0.094 

SMX10010-1 1024 2048 4096 256 0.094 

SMX10010-2 512 2048 4096 256 0.064 

SMX107-1 1024 2048 4096 256 0.190 

SMX107-2 1024 2048 4096 512 0.125 

SMX1010-1 1024 2048 4096 512 0.125 

SMX1010-2 1024 2048 4096 512 0.094 
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The MICs of E. coli varied across both strains and compounds tested. As expected, 

folP strains harboring individual folP mutations (with a c-terminal FLAG-tag to 

monitor expression) encoding for divergent forms of EcDHPS on the low-copy 

number E. coli expression vector pGDP2 had higher MICs for all sulfa drugs tested 

compared to the wild-type, E. coli BW25113 (Table 6) (FLAG-tag expression of the 

trans complemented folP genes was confirmed by the western blot found in 

Appendix 1). Some of these folP mutations are known to encode sulfa-insensitive 

forms of DHPS (P64S, P64A, F28L), and notably, these strains also had increased 

an MIC for ASM, suggesting these SNPs may confer cross-resistance to ASM in 

addition to sulfa resistance (Table 6). The novel folP mutation E68 also 

demonstrated pan-sulfa resistance, but both SMX1007-3 and the trans-

complemented folP construct harboring the E68 mutation more susceptible 

compared to the other folP variants (Table 6). Of note, SMX- and ASM-selected E. 

coli isolates demonstrated higher MICs for both SMX and ASM compared to the 

parent strain of these isolates, E. coli BW25113 (Table 6). In fact, the SMX- and 

ASM-selected isolates were generally more resistant to all compounds tested 

compared to BW25113, but the variation in the MICs within this group was 

unexpected (Table 6). Amongst isolates collected on day 7 of ASM or SMX 

exposure at a concentration of 100 g/mL, ASM-selected isolates demonstrated 

higher ASM and SMX resistance than SMX-selected isolates (Table 6). However, 

by day 10 both ASM and SMX-selected isolates had similar MICs for all drugs 

tested, suggesting resistance to SMX and ASM induced by SMX exposure 

increases over time, while ASM exposure yields higher resistance that emerges 

earlier compared to SMX-exposed E. coli, and this resistance was maintained over 

time in ASM-exposed E. coli (Table 6). The MICs for SDZ and SXT varied more 

than those of SMX, ASM, and SAN, with most ASM and SMX-selected isolates 

yielding higher resistance for these drugs compared to BW35113, with some 

notable exceptions. Two of the ASM-selected, SMXR isolates were as susceptible 

to SXT as BW25113, and these isolates harbored wild-type DHPS enzymes 

(ASM1007-4, ASM1007-5). 
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3.3.3 ASM and SMX select for additional chromosomal mutations in E. coli 

Plasmid-mediated expression of each folP variant in folP conferred sulfa 

resistance, but the ASM- and SMX-selected SMXR isolates demonstrated higher 

resistance levels (Table 6). The discrepancy in resistance observed amongst the 

SMXR isolates and the trans-complemented folP mutants suggested the presence 

of other resistance determinants that could be found in the chromosome, prompting 

further investigation. Whole genome sequencing (WGS) was used to identify 

undetected genomic differences between the SMXR isolates and the parent strain.  

The total number of reads for each isolate and base quality scores are listed in 

Appendix 5. As a control measure, the chromosome of the in-house BW25113 

strain was also sequenced and aligned with the reference genome in biological 

duplicate to ensure no unknown mutations were present in this strain. Intriguingly, 

it was revealed that several chromosomal differences were found in many of the 

ASM- and SMX-selected isolates (Table 7) (Figure 6). These include single 

nucleotide substitutions that promote amino acid substitutions in gene products, 

small insertions and deletions that promote frame-shift mutations (pseudogenes), 

as well as repeated occurrence of larger deletions in two distinct regions of the 

genome designated as either α or β, depending on their location on the 

chromosome.  
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Table 7. Unique genomic features observed in the ASM- and SMX-
selected isolates. Single nucleotide polymorphisms (SNPs), deletions, and 
other mutations observed in each SMXR isolate. Int indicates an affected 

intergenic region, nt indicates nucleotides, and genes encompassed in the  

and  genesets are described in Appendix 4. 

Strain ID 

Classification of Genomic Feature 

SNPs Deletions 

Other Mutations 

Gene Nucleotide 
Size of 

deletion 
(bp) 

Gene/Geneset 

( or ) 

ASM1007-1 folP G→A 14,885  Int(ygbI)T→C(ygbJ) 

ASM1007-2 
folP G→A 

174 deoC N/A 
folM T→A 

ASM1007-3 

folP C→G 

N/A N/A Int(ppc)C→T(argE) rpoC T→C 

rpoC G→C 

ASM1007-4 

asnS (C→T) 

27,697  N/A icd (C→T)s 

icd (C→T)s 

ASM1007-5 N/A N/A 
29,374  

N/A 
174 deoC 

ASM10010-1 folP G→A 14,855  N/A 

ASM10010-2 folP G→A 14,855  N/A 

SMX1007-1 rhlE A→C 806 deoB-deoD 

folP: Coding 202-204/849 

nt 

Pseudogene 

(BW25113_RS05975): 

Coding 121/408 nt 

SMX1007-2 folP T→G N/A N/A deoB: Coding 804/1224 nt 

SMX1007-3 folP T→G N/A N/A deoB: Coding 804/1224 nt 

SMX10010-1 folP T→G 15,091  deoB: Coding 804/1224 nt 

SMX10010-2 folp T→G 15,091  deoB: Coding 804/1224 nt 

SMX107-1 
folP C→T 

N/A N/A N/A 
purT T→G 

SMX107-2 
folP C→T 

N/A N/A N/A 
spoT T→C 

SMX1010-1 

folP C→T 

N/A N/A N/A rplF A→G 

spoT A→G 

SMX1010-2 

folP C→T 

N/A N/A N/A 

gyrA G→T 



 

 

57 

S denotes a synonymous mutation 
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 Figure 6.  Genomic variance observed in the SMXR (A) ASM-selected and (B) SMX-
selected isolates collected from Day 7 or Day 10 as indicated above the bars.  
Each uniquely coloured bar above the isolate name identified on the x-axis represents 
a gene that was deleted or mutated compared to the wild-type as indicated in the 
legend, and the total number of genes is listed on the y-axis. Each gene included in the 

 or  gene sets as described in Appendix 4 is represented by a cyan or yellow bar as 
labelled. 
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The whole-genome sequencing confirmed the presence of the folP mutations 

previously identified by Sanger sequencing, but many other genes, intergenic 

regions, and pseudogenes in the SMXR isolates were also found to have acquired 

mutations and deletions compared to the wild type. Among the SMX 10 g/mL 

exposed isolates, many SNPs occurred in genes involved in DNA and/or RNA 

related processes such as spoT, gyrA, purT, rhlE, and rplF were present (Table 7). 

These genes were not mutated in any of the SMX 100 g/mL exposed SMXR 

isolates, but mutations in the deo operon (deoC, deoB, deoD) involved in 

nucleotide salvage were observed in many isolates in this group. Aside from folP, 

there was little overlap concerning the mutated genes of ASM- and SMX-selected 

isolates, however trends emerged with large deletions of the  or   genes (Table 

7, Figure 6) 

 

The most notable mutations observed in the ASM- and SMX-selected isolates were 

large deletions of genes encompassing 14,855 – 29,374 bp of either  or   gene 

set (Appendix 4). Deletions in the  gene set were observed in two ASM-selected 

isolates (ASM1007-4 and ASM1007-5), and in two SMX-selected isolates 

(SMX10010-1 and SMX10010-2) (Figure 7). ASM exposure was executed at a 

sublethal concentration of 100 g/mL, and while no SMXR isolates with  or   

deletions were found in isolates exposed to a sublethal concentration of SMX (10 

g/mL), SMX exposure at 100 g/mL did, which is substantially higher than the 

MIC of the parent strain (16 g/mL).  

 

3.3.4 Most SMXR isolates do not exhibit growth deficiency in vitro  

To assess if mutations observed in the ASM- or SMX-selected SMXR isolates, the 

growth rate of each selected isolate was assessed in MHII, media lacking any 

sulfa-antagonists (e.g., thymidine or folinic acid) 
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Figure 7. Growth curves for E. coli (A) folP expressing folP mutations on the 
pDGP2 expression plasmid, (B) ASM-selected SMXR isolates, and (C) SMX-
selected isolates, with the E. coli BW25113 (WT) (A, B, C) for comparison. Data 
represents the mean OD600 for every 4 hours of growth recorded from three 
independent experiments performed in technical triplicate for each strain tested. The 
optical densities of each strain at 600 nm were baseline-corrected by subtracting 
the OD600 of uninoculated MHII media. Asterisks next strains listed in the legend 
represent the statistical significance determined by unpaired t-tests.  
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Out of the four subcloned folP mutants, three (P64S, P64A, and E68) 

demonstrated significantly lower growth rates compared to folP/pDGP2 :: folPEc 

(unpaired t-test, P= 0.0002, 0.0002 and 0.0006, respectively) (Figure 7).  The 

growth of folP/pDGP2::folPEc was not significantly different from that of the parent 

strain of the SMXR subcloned mutants, E. coli BW25113 (Figure 7), confirming the 

subcloned folPEc did not confer a fitness cost compared to chromosomally 

expressed folP in wild type E. coli BW25113. Since folP and folP/pDGP2 

harboring the empty pDGP2 expression plasmid are thymine auxotrophic, it was 

unsurprising that these strains demonstrated significantly reduced growth 

compared to the wild type in MHII-broth, a thymine-limited medium (P= <0.0001 

for both strains) (Figure 7)143.  

 

Amongst the ASM-selected isolates, only one isolate from day 7 of ASM exposure, 

ASM1007-1, had significantly reduced growth, (P=0.0016) (Figure 7). Both isolates 

from day 10 of ASM exposure had significantly reduced growth (ASM10010-1, 

P=0.0008); and ASM10010-2 (p=<0.0001)), suggesting long-term ASM exposure 

has fitness consequences for bacterial growth. SMX-selected isolates SMX1007-1 

(P=<0.0001), SMX107-1 (P=<0.0001), SMX107-2 (P=<0.0001) also demonstrated 

reduced growth compared to wild type (Figure 8). While SMX1007-1 was less fit 

than the wild-type, the growth of this strain with its corresponding folP mutant 

strain, folP/pGDP2::folPE68 growth was consistent with SMX1007-1 (Figure 7). 

Of the isolates that were identified as harboring a large deletion in the 

chromosome, those with deletions in the  gene set had impeded growth compared 

to the wild type. Therefore, deletions observed in the  gene set appear to have a 

fitness cost. 
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3.4 ASM influences the transfer of the sul genes in a simulated microbial 

community at a comparable rate to SMX  

Since the sul genes conferred resistance to ASM and SMX, and these compounds 

selected for SMXR E. coli in vitro, the potential of these compounds to promote the 

dissemination of the sul genes in a simulated microbial soil community was 

assessed using conjugation experiments with a GFP-tagged E. coli strain and 

bacteria isolated from swine manure. Neither SMX nor ASM had a significant effect 

on the transfer of the sul genes from native soil microbes to E. coli CV601. 

Treatments from 1-100 mg/mL of SMX or ASM did not increase the emergence of 

SMX-resistant E. coli CV601 compared to the resistance frequency observed in 

the no drug treatment control (Figure 8) 
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Figure 8. Conjugation frequency of CV601 as the recipients of the sul 
genes from native soil bacteria when exposed to SMX or ASM at the 
indicated concentrations compared to no drug. Symbols indicate the 
mean conjugation frequency of two independent experiments, with error bars 
representing SEM. 
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Chapter 4 Discussion 

4.1 ASM can exert antibiotic action against E. coli comparable to some sulfas 

The unknown long-term effects of ASM on environmental soil communities was 

cited as a concern in the risk assessment conducted by the European food safety 

authority for ASM use in commercial crops129. The most alarming consequence of 

ASM entering the food chain is the threat to human health if ASM can promote the 

emergence of antibiotic resistant bacteria. 10,11,149. Many agrichemicals used as 

biocontrol agents (e.g., pesticides and herbicides) such as glyphosate, dicamba, 

metolachlor, linuron, atrazine, can promote antibiotic resistance and influence the 

susceptibility of bacteria to some antibiotics5–9,75,150,151.  In this study, it was 

revealed that the herbicide ASM inhibited the growth of E. coli more effectively than 

the prototypical sulfa drug, SAN, but was a less potent than SMX. SMX and SAN 

contamination can enrich environments for ARGs and increases the prevalence of 

antibiotic resistant bacteria in the environment125,152–155. Sulfa-selected bacteria 

often harbor sulfa-insensitive DHPS enzymes, and the herbicidal action of ASM is 

attributed to the inhibition of HPPK/DHPS in plants50,120,133. Therefore, it was 

inferred that if ASM’s antibiotic action is the result of bacterial DHPS enzyme 

inhibition as observed in sulfas, ASM may have the potential to similarly select for 

sulfa insensitive DHPS enzymes in bacteria. 

4.1.1 ASM likely exerts antibiotic action via DHPS inhibition 

After MIC determinations demonstrated that ASM susceptibility of E. coli was 

contingent on the DHPS status of each strain tested, ITC experiments confirmed 

that ASM binds with EcDHPS. ASM exhibited a lower binding affinity (Ka) with 

EcDHPS compared to SMX, which is reflected in the potency of these drugs. Of 

note, the ASM degradation product ASMG also demonstrated a higher MICs 

amongst E. coli strains harboring sulfa insensitive DHPS enzymes but was not 

tested using ITC due to the scarcity of this compound.  
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4.2 ASM selects for SMXR E. coli at concentrations exceeding environmental 

relevance 

The knowledge gap in information regarding ASM’s effect on microbial 

communities stated by the European Food Safety Authority exposes many 

unknowns regarding the consequences of ASM to the long-term health of 

organisms. The mobilization of ARB to humans by the food supply chain is a 

concern for human health if these ARB can exploit a pathogenic lifestyle in 

humans10,39. If soil is enriched for ARB by an agrichemical like ASM, it increases 

the likelihood that antibiotic resistance determinants will be found amongst the 

bacteria that reside in soil4,44,75. With more ARB in soil, the risk that antibiotic 

resistant pathogen amongst these bacteria may reach the human population is 

subsequently increased10,39. Therefore, elucidating if herbicides like ASM are 

contributing to an increase in ARB and appropriately managing their use can help 

preserve the effectiveness of current antibiotics by preventing enriching for ARB in 

crop soils. The results of this study have shown that ASM exerts antibiotic action 

but does not select for ARB at environmentally relevant concentrations. These 

results suggest that of  bacterial communities in crop soil are unlikely to be enriched 

for ARB by standard ASM application. Therefore, it is improbable that ASM use in 

food crops will significantly exacerbate the prevalence of ARB human pathogens.  

10,156.  

4.2.1 Soil microcosms for the improvement of recapitulating soil 

communities in directed evolution experiments 

A major obstacle in researching environmental bacterial communities is that 

accurately recapitulating the conditions found in the environment in the laboratory 

that supports the growth of all native microbes has proven to be a challenging 

obstacle for environmental microbiologists157,158. Therefore, directed evolution 

experiments were executed in liquid media for a range-finding experiment to 

determine what, if any, concentration of ASM could select for SMXR E. coli. These 

experiments determined that among the range of concentrations tested, 100 

g/mL, the highest concentration tested, was the only ASM treatment that selected 
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for SMXR E. coli. This observation is consistent with a previous study that 

demonstrated the minimum concentration of ASM required to inhibit growth in pea 

plants was 50 g/mL134. A follow-up study repeating the directed evolution 

experiments with concentrations of ASM from 50 – 100 g/mL could elucidate the 

minimum selection concentration of ASM on E. coli in vitro134. Additionally, 

repeating directed evolution experiments in soil microcosms would more 

accurately recapitulate the typical conditions in which ASM is applied159.  Soil 

microcosms may also provide more information on how ASM disseminates 

throughout the soil, and how microbes residing at different soil depths may be 

exposed to different concentrations of ASM. The complex matrix of soil has many 

more variables that influence microbial growth and depending on the rate of ASM 

degradation in soil, the conditions in which the soil is maintained (i.e., moisture 

level, type of soil used, presence of plants, exposure to sunlight, temperature of 

incubation, etc.,) can all have consequences for microbes159. Soil microcosms can 

provide a more holistic view of how environmental conditions can alter how 

bacterial communities respond to stressors like ASM exposure, and thus respond 

differently than the bacteria grown in this study, which were grown in a shaking 

culture in consistent conditions (37C, grown in MHII)4,159. 

4.2.2. Concentrations of ASM that select for sulfa-resistance are not found in 

the environment 

The emergence of both ASM- and SMX-selected SMXR isolates was not only 

concentration dependent, but also time dependent. No SMXR colonies were 

observed until day 7 of ASM or SMX exposure, and both treatments had an 

increase in resistance frequency observed by day 10. Although these results are 

intriguing, the concentration of ASM that yielded SMXR is well above the predicted 

environmental concentrations (PEC) for ASM in both surface water and sediment. 

The experimental concentration of ASM that selected for SMXR was 100 g/mL, 

which is equivalent to 100 000 g/L, which is significantly higher than  the maximum 

PEC of ASM when applied at a standard rate of 2400 g/ha (795 g/L). If ASM is 
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appropriately applied, it is unlikely a concentration of ASM that can select for SMXR 

bacteria will accumulate in the environment. 129..  

One discrepancy with the directed evolution assays is that there was no 

quantification of ASM over the course of the experiment or assessment, nor was 

the rate of ASM degradation determined. If this experiment were to be repeated, 

the degradation of ASM into its degradation products could be assessed over the 

progression of the directed evolution experiments using liquid chromatography 

mass-spectrometry135. This would confirm that ASM is maintaining a concentration 

consistent with what is assumed to be present during the directed evolution assays. 

4.2.3 ASM selects for folP mutations known to confer sulfa resistance in E. 

coli 

Sulfa resistance has been attributed to folP mutations in many bacterial species 

such as Streptococcus mutans, Neisseria meningitidis, and E. coli120–122. To 

determine if ASM and its action on the EcDHPS enzyme resulted in folP mutations 

in E. coli, the folP gene of ASM-selected was sequenced and screened for 

mutations. In ASM-selected isolates, all folP mutations observed (P64S, P64A) 

have been previously reported as sulfa-resistance determinants122. All folP 

mutations found in the SMX-selected isolates were previously reported in the 

literature as well, except for E68, which likely confers resistance by altering the 

binding site in loop 2 of the DHPS enzyme (Appendix 3).  

To confirm that the DHPS variants observed confer ASM and SMX resistance, ITC 

studies could be performed using purified variant EcDHPS proteins. The ITC 

studies demonstrated that SMX had a higher Kd compared to previous 

investigations with Bacillus anthracis DHPS, which is consistent with SMX acting 

as a competitive inhibitor of pABA87. In contrast, ASM had a lower Kd compared to 

these same observations with pABA, consistent with this compound being a less 
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effective antibiotic87. By using the established binding affinities of ASM and SMX, 

a control with pABA could be employed to further support the observations in this 

study. While additional ITC studies could support the findings here and potentially 

offer additional insight into the action of the degradation products, and variant 

DHPS enzymes, a barrier to pursuing further ITC studies with EcDHPS is the 

formation of a white powdered substance in the ITC equipment following 

experiments. This substance remained insoluble despite cleaning with water and 

methanol, which impedes the usage of this equipment. The formation of the 

precipitate was observed to exclusively occur when DMSO was added to the final 

protein sample, so if different solvents could be employed, this issue could possibly 

be resolved. Alternatively, the examination of DHPS inhibition by ASM could be 

assessed by employing the continuous spectrophotometric assay developed by 

Valderas et al., which monitors the depletion of reduced nicotinamide adenine 

dinucleotide phosphate (NADPH) as it is utilized in enzyme binding to determine 

DHPS inhibition78. 

Interestingly, the level of pan-sulfa resistance conferred by each folP mutation in 

the ASM- and SMX-selected SMXR was not consistent with the same folP 

mutations trans-complemented on a plasmid expression vector. In addition, two 

ASM-selected SMXR isolates had no folP mutations present. These results 

suggested that other determinants of resistance may be present in the genome 

and triggered an investigation into genomic changes outside the folP gene that 

could influence resistance using whole genome sequencing (WGS).  

4.2.2 ASM- and SMX-selected SMXR E. coli harbor unique genomic changes  

The resulting genome sequencing data from the SMXR isolates revealed that both 

ASM and SMX-selected SMXR isolates had undergone genomic changes outside 

of the folP gene, with large deletions of genes up to nearly 30 000 bp in size being 

most notable (genes deleted and their chromosomal positions are described in 
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Appendix 4). Two types of deletion ( and ) were found in ASM-selected isolates, 

while only  deletions were observed in some SMX-selected isolates, and only 

emerged on day 10. In growth curve assays, isolates with  deletions exhibited 

significantly slower growth rates compared to the parent strain, BW25113. 

Conversely, isolates with  deletions did not exhibit the same growth constraint 

despite the larger size of the  deletions. Amongst the SMXR isolates harboring 

large deletions, all isolates with  deletions also had folPP64S mutations as well, as 

did the isolates with  deletions from the SMX day 10. The two SMXR isolates that 

did not have folP mutations were uniquely from day 7 of ASM treatment indicating 

this may not be a stable evolutionary strategy for E. coli to maintain in the long-

term. None of the genes observed in the large deletions have been shown to be 

directly implicated in sulfa-resistance, but a knockout library could be created by 

constructing individual deletion strains for each gene from the  and  gene region, 

which can be MIC tested for sulfa-resistance. If any one of these deletion strains 

demonstrates resistance, those genes can be further investigated for their 

involvement in conferring sulfa-resistance. One possible explanation for the large 

deletions is that bacteria can circumvent antibiotic killing via metabolic changes. 

Slower metabolism results in fewer opportunities for antibiotics to exert their action 

by reducing abundance of antibiotic targets in the cell and minimizing the utilization 

of targeted pathways53. Sustaining the normal DNA replication rate in bacteria is 

dependent on functioning folate metabolism. Therefore, a deficit of tetrahydrofolate 

in the cell due to ASM/SMX interference in the de novo folate pathway may create 

an environment wherein a slower replication rate is advantageous. Cellular 

replication relies on DNA stability, which is mediated by folate derivatives via two 

mechanisms (Figure 9).  
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Figure 9. DNA stability regulatory mechanisms dependent on folate 
derivatives 5,10 methylenetetrahydrofolate and 5 methyltetrahydrofolate 
adapted from Duthie et al., 2002160. X denotes the interruption of methyl group 
donation 
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One of these mechanisms is the regulation of cytosine in gene transcription in 

DNA, which is controlled by S-adenosylmethionine (SAM) methylation160,161. SAM 

production is mediated by homocysteine remethylating methionine, with 5-

methyltetrahydrofolate acting as the methyl donor160,161.  If folate is depleted, 

intracellular SAM is also depleted, resulting in hypomethylation of DNA and 

disruptions in tRNA and rRNA methylation160–162. Another folate-dependent DNA 

regulation mechanism is the donation of a methyl group to uracil by 5,10- 

Methylenetetrahydrofolate, which converts uracil to thymine160. The thymine 

produced through this mechanism is essential for DNA synthesis and repair, but 

without folate to convert uracil, this can result in uracil misincorporation into 

DNA160,162.  If DNA repair is initiated to excise the mis incorporated uracil from the 

DNA molecule, and there is a deficit of deoxynucleotide triphosphates available 

due to an ongoing folate deficiency, a catastrophic and futile break and repair cycle 

can occur, which is a hallmark of TLD160,163. Genomic instability caused by uracil 

misincorporation may lead to chromosomal damage like the large deletions 

observed in this study. Sublethal concentrations of SMX did not induce the 

formation of large deletions, however ASM at a sublethal concentration did, 

suggesting ASM may be more effective in disrupting bacterial DNA and/or RNA 

synthesis and/or metabolism than SMX. There are several limitations to making 

conclusions regarding the exact cause of the  and  deletions, including the lack 

of sequencing data from the no drug and drug vehicle controls tested in the directed 

evolution experiments. Since no SMXR isolates were observed, no isolates were 

collected for sequencing, and therefore it cannot be confirmed that no mutations 

were observed in the no drug or vehicle control groups. If there are no mutations 

in these groups, the large deletions can be attributed to drug exposure. This 

phenomenon of large deletions could be also further investigated using bisulphite 

genomic sequencing to quantify DNA methylation in these isolates, and 

transcriptome sequencing (RNA-seq) to elucidate how the RNA and protein 

synthesis is affected by SMX and ASM, or if the large deletions in the DNA have 

downstream consequences for RNA and protein synthesis164,165.  
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Other trends in genomic changes were observed in the ASM- and SMX-selected 

SMXR isolates. Many of the mutations observed in the SMXR isolates were in genes 

associated with function of DNA and RNA, such as spoT, gyrA, purT, rpoC, and 

rhlE166–173 . These results support the notion that sulfa resistance may be mediated 

by alterations to DNA/RNA associated processes. Deletions from 1-806 bp were 

observed in deoB, deoC, and deoD in both SMX- and ASM-selected isolates. The 

thyA gene and deo operon function is highly intertwined, and previous studies have 

shown E. coli lacking deoB, thyA, and deoC can survive on low levels of thymine 

compared to WT, further suggesting metabolic adaptations to impaired folate 

synthesis and usage are likely contributing to ASM/SMX resistance112,174,175. The 

growth curve assays demonstrated that trans complementation of the E. coli folP 

mutations can have a fitness cost, but most SMXR isolates with folP mutations did 

not exhibit impeded growth. This indicates that the additional mutations observed 

in SMXR isolates are likely compensatory adaptations to the fitness cost produced 

by folP mutations.  

4.3 ASM does not increase the frequency of sulfa resistance conferred by 

mobilized sul genes in a simulated microbial community 

Horticultural researchers have successfully developed ASM-resistant transgenic 

plants using Enterobacteriaceae R plasmids encoding for a sul gene in several 

species, including Arabidopsis, potatoes, and peas133,176–178. These transgenic 

plants were developed after it was revealed that the sul gene confers ASM 

resistance, and therefore, ASM can be applied as a foliar selection method for 

transgenic plants.176,178. Since sul confers ASM resistance in plants, it was 

hypothesized that bacteria in a simulated community would disseminate the sul 

gene via conjugation more readily and rapidly under ASM exposure. As mentioned, 

recapitulating environmental conditions in the laboratory is a task that continues to 

challenge environmental microbiologists157,158,179. Due to the complexity of 

designing an experiment that controls all variables found in the natural 



 

 

74 

environment, the conjugation experiments were simplified to avoid confounding 

variables. These experiments could be improved by using soil microcosms for 

similar reasons described above for making the directed evolution experiments 

more relevant to environmental conditions159. Although successful matings did 

occur with E. coli CV601 acquiring plasmid-borne sul genes in the presence of 

ASM, the presence of up to 100 g/mL of ASM did not result in a higher frequency 

of SMXR E. coli compared to the no drug control. The frequency of SMXR E. coli 

CV601 was similar in the presence or absence of ASM, as was the case for SMX. 

A major limitation to this study is the lack of quantification of donor cells present. 

The number of donors could be quantified using quantitative PCR (qPCR) with 

sequence specific primers for the sul genes to quantify the number of copies of 

each sul gene that could be mobilized to the recipient cells. 

In bacterial communities, competition for limited resources can drive 

evolution180,181. Soil bacteria are the source of many antibacterial products, with 

the potential function to eliminate competing species co-existing in the same 

environment182,183.  However, sulfa compounds are rarely produced by organisms, 

and sulfas are considered a synthetic contaminant in the environment, meaning it 

is unlikely that the SMX resistance in the no drug control can be attributed to sulfa 

production by the bacteria collected from the manure sample184,185. A much more 

likely scenario is that under when co-incubated with other species, E. coli adapts 

as observed in other studies to a higher cell density via metabolic changes that can 

result in acquired antibiotic tolerance186–191. The growth rate of these isolates was 

not measured, but growth curves could be employed to determine if these bacteria 

are less metabolically active192. There may also be other determinants of 

resistance present as observed in the SMXR isolates collected from the in vitro 

selection experiments. The MICs of these collected isolates could be determined 

and compared to an E. coli CV601 construct harboring a sul gene to assess the 

level of resistance as was conducted in this study for the SMXR isolates from the 

directed evolution experiments. If there are discrepancies in the level of resistance 

between the transconjugants and an E. coli CV601 construct harboring a sul gene, 
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WGS could detect other possible genomic determinants of resistance, and 

elucidate if the SMX-resistance in the no drug control isolates with no sul gene is 

conferred by a genomic change. Although the conjugation assays performed in this 

study are preliminary, they revealed that SMX resistance can be induced in the 

absence of drug by co-incubating E. coli with environmental bacteria. If SMX-

resistance can be induced in the absence of a drug selection pressure. 

4.4 Future Directions 

This study demonstrated that ASM can influence bacteria in unexpected ways, 

further emphasizing the need to assess the long-term consequences to 

microorganisms residing in environmental compartments contaminated with 

ASM129. For all experiments performed in this study, repetition with a 

representative Gram-positive bacterial species (e.g., Bacillus subtilis or 

Staphylococcus aureus) would provide insight into how Gram-positive pathogens 

that occupy environmental compartments may respond to ASM exposure.  

Follow-up studies into the large deletions can be performed using many tools, 

including bisulfite whole genome sequencing to assess if DNA methylation is 

occurring. Transcriptomics, proteomics, and metabolomics can further 

characterize these isolates and provide more insight into mechanisms of resistance 

by further defining how ASM interferes with genetic replication. Another limitation 

that could be addressed in future studies would be the confirmation of folate 

starvation contributing to resistance by adding a control treatment with folic acid or 

pABA supplementation. Supplementation with either folic acid or pABA to carrot 

cultures treated with ASM can reverse ASM-induced growth inhibition193. 

Therefore, repeating experiments with a pABA or folic acid supplemented control 

group could demonstrate the reversal of ASM killing in bacteria, which would 

further confirm that ASM’s antibiotic action lies in inhibiting bacterial DHPS. 
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Another approach that could improve the relevancy of the experiments performed 

in this study would be to develop soil-based systems of growth to better reflect the 

natural conditions these microbial communities typically grow in. Soil microcosms 

are a viable tool for repeating the directed evolution experiments and conjugation 

experiments to improve the relevance of these experiments to agricultural systems.   

If ITC experiments could be repeated, isolating DHPS protein from folP variants or 

sul genes would provide more insight into how ASM is interacting with variant forms 

of DHPS and confirm if the bacterial mechanism of ASM resistance. Other 

compounds such as ASM’s degradation products could also be tested if these 

compounds were able to be synthesized in large enough amounts to execute these 

experiments.  

4.5 Conclusion 

In conclusion, it was determined that ASM, along with its degradation products 

SAN and ASMG exert antimicrobial activity, with drug/protein binding kinetic 

evidence that this action is at least partially attributed to DHPS enzyme inhibition. 

It was also determined that ASM, but not its degradation products, can select for 

SMXR E. coli in vitro at concentrations exceeding the PEC of ASM. The ability of 

ASM to promote the dissemination of sul gene mediated SMXR in a simulated 

microbial community could not be fully elucidated as the control group 

demonstrated SMXR without the presence of the sul gene. However, preliminary 

results suggest that the sul genes were disseminated amongst the recipient 

bacteria under ASM-exposure. Overall, the data in this study are insufficient to 

make recommendations regarding the use of ASM but suggests that ASM has 

negligible effects on the promotion of ARB at environmentally relevant 

concentrations under laboratory conditions.   
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Appendices 

 

Appendix 1. Production of DHPS protein in E. coli trans-complemented folP 
variants with a BioRad Dual Colour Precision Plus Protein Standard indicating the 
approximate protein size 
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Appendix 2. Chemical analysis of the swine manure sample sourced from a 
Southern Ontario swine farm used in the conjugation experiments 

Chemical Analysis of Swine Manure Sample 33363 

Sulfur 785.1 ppm 

Dry Matter 6.3 % 

Total N 0.616 % 

NH4-N 3998 ppm 

Total P 0.2457 % 

Phosphate (P2O5) 0.5651 % 

Total K 0.3651 % 

Potash (K as K2O) 0.4381 % 

Organic Matter 4.3 % 

C:N Ratio 4:01  

Sodium 0.14 % 

Aluminum 33.2 ppm 

Boron 2.5 ppm 

Calcium 0.1954 % 

Copper 84.9 ppm 

Iron 160.9 ppm 

Magnesium 0.1562 ppm 

Manganese 42.1 ppm 

Zinc 103.5 ppm 

pH 7.76  



 

 

79 

 

Appendix 3. Amino acid sequences of the Wild type (WT) EcDHPS, aligned to the 

following mutants: P64S, P64A, F28L, E68; protein topology of DHPS is indicated 
above the aligned sequences, α-helices and p- helices are displayed as squiggles, 
β-strands are rendered as arrows, and strict β-turns as TT letters, with loop 1 and 
2 of the DHPS enzyme indicated by a blue (loop 1) or green (loop 2) line above the 
relevant residues (image generated by EndScript133) (B) Mutations in the folP gene 
identified by sequence analysis of E. coli isolates exposed to ASM or SMX 
treatments at the indicated concentration (µg/mL), or by the day collected (7 or 10) 
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Appendix 4. Genes deleted in the designated  (chromosome position 812,270 – 

1,686,588) and  (2,412,100 – 2,427,009) gene sets in select SMXR isolates collected from 
the directed evolution experiments  

   

Gene Set Identified in ASM- or SMX-selected SMXR E. coli 

   

 

Genes Deleted 

Genes Deleted 

 

rstA, ydgC, folM, ydgI, ydgH, tqsA, 
mdtJ, mdtI, ydgD, asr, ynfM, ynfL, mlc, 

clcB, ynfF, ynfE, ynfD, ynfC, speG, 
ynfB, ynfA, rspA, rspB, rstB, tus, pntB, 

pntA, fumC, dmsB, bioD 

 

yfbU, ackA, yfbV, pta, yfcC, yfcD, 
yfcE, yfcF, yfcG, folX, yfcH, rpnB, 

hisP, hisM, hisQ, argT 
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Appendix 5. Whole Genome Sequencing Statistics provided by the Microbial 
Genome Sequencing Center 

Isolate 

Name 

Total Read 

Pairs 

Total Reads Total bp > 

Q30 

% bp > Q30 

ASM1007-1 1734020 3468040 480491348 93.444 

ASM1007-2 1326260 2652520 367034861 93.236 

ASM1007-3 1404330 2808660 387830871 93.138 

ASM1007-4 1753182 3506364 485359658 93.23 

ASM1007-5 1376198 2752396 3.8E+08 93.008 

ASM10010-1 1460488 2920976 4E+08 93.088 

ASM10010-2 798347 1596694 2.2E+08 92.753 

SMX1007-1 1674745 3349490 450442993 93.194 

SMX1007-2 1768808 3537616 490168681 93.251 

SMX1007-3 1622043 3244086 449308642 93.287 

SMX10010-1 1329634 2659268 367119246 93.054 

SMX10010-2 1454719 2909438 403341730 93.183 

SMX107-1 1415887 2831774 389878806 92.853 

SMX107-2 1135550 2271100 301573883 88.871 

SMX1010-1 1331983 2663966 366672364 93.382 

SMX1010-2 1451931 2903862 401520531 93.02 
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